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The Earlier the Better: A Theory of Timed Actor Interfaces *

Marc Geilen Stavros Tripakis Maarten Wiggers

Abstract

Programming embedded and cyber-physical systems requires attention not only to functional behavior
and correctness, but also to non-functional aspects and specifically timing and performance constraints.
A structured, compositional, model-based approach based on stepwise refinement and abstraction tech-
niques can support the development process, increase its quality and reduce development time through
automation of synthesis, analysis or verification. For this purpose, we introduce in this paper a general
theory of timed actor interfaces. Our theory supports a notion of refinement that is based on the principle
of worst-case design that permeates the world of performance-critical systems. This is in contrast with
the classical behavioral and functional refinements based on restricting or enlarging sets of behaviors.
An important feature of our refinement is that it allows time-deterministic abstractions to be made of
time-non-deterministic systems, improving efficiency and reducing complexity of formal analysis. We
also show how our theory relates to, and can be used to reconcile a number of existing time and per-
formance models and how their established theories can be exploited to represent and analyze interface
specifications and refinement steps.

1 Introduction

Advances in sensor and computer hardware currently enable new classes of applications, often described
under the terms embedded or cyber-physical systems (ECPS). Examples of such systems can be found in the
domains of robotics, health care, transportation, and energy. ECPS are different from traditional computing
systems, because in ECPS the computer is in tight interaction with a physical environment, which it monitors
and possibly controls. The requirements of the closed-loop system (computer + environment) are not purely
functional in the traditional computer-science view. Instead, they often involve timing or performance
properties, such as throughput or latency.

Abstraction and compositionality have been two key principles in developing large and complex software
systems. Although a large number of methods employing these principles exist in the literature to deal
with functional properties (e.g., see [5, 32, 33, 11]), less attention has been paid to timing and performance.
This paper contributes toward filling this gap. Our approach can be termed model based. High-level models
that are suitable for (often automated) analysis are used as specifications or for design-space exploration.
Refinement and abstraction steps are used to move between high-level models, lower-level models and im-
plementations: see Section 2 for an example. The process guarantees that the results of the analysis (e.g.,
bounds on throughput or latency) are preserved during refinement. Our paper defines a general model and
a suitable notion of abstraction and refinement that support this process. The model is compositional in the
sense that refinement between models consisting of many components can be achieved by refining individual
components separately.

Our treatment follows so-called interface theories [14], which can be seen as type theories focusing on
dynamic and concurrent behavior. Our interfaces, called actor interfaces, are inspired by actor-oriented
models of computation [1, 29] such as process networks [25] and data flow [17].

*Marc Geilen is with the Eindhoven University of Technology, m.c.w.geilen@tue.nl. Stavros Tripakis is with the
University of California, Berkeley, stavros@eecs.berkeley.edu. Maarten Wiggers is with the University of Twente,
m.h.wiggers@utwente.nl.



Actors operate by consuming and producing tokens on their input and output ports, respectively. Since
our primary goal is timing and performance analysis, we completely abstract away from token values, and
keep only the times in which these tokens are produced. Actors are then defined as relations between input
and output sequences of discrete events occurring in a given time axis. Examples of such event sequences
are shown in Figure 2.

The main novelty of our theory lies in its notion of refinement, which is based on the principle: the earlier
the better. In particular, actor A refines actor B if, for the same input, A produces no fewer events and
no later, in the worst case, than those produced by B. For example, an actor that non-deterministically
delays its input by some time ¢ € [1,2] refines an actor that deterministically delays its input by a constant
time 5. This is in sharp contrast with most standard notions of refinement which rely on the principle that
the implementation should have fewer possible behaviors and thus be “more deterministic” (at the outputs)
than the specification.

The earlier-is-better refinement principle is interesting because it allows deterministic abstractions of
non-deterministic systems: Section 2 presents an example. System implementations are often viewed as time-
non-deterministic because of high variability in execution and communication delays, dynamic scheduling,
and other effects that are expensive or impossible to model precisely. Time-deterministic models, on the
other hand, suffer less from state explosion problems, and are also more suitable for deriving analytic bounds.

The main contributions of this work are the following;:

e We develop an interface theory of timed actors with a refinement relation that follows the earlier-is-better
principle and preserves worst-case bounds on performance metrics (throughput, latency). (Sections 4-7).

e Our framework unifies existing models (SDF and variants, automata, service curves, etc.) by treating
actors semantically, as relations on event sequences, rather than syntactically, as defined by specific
models such as automata or dataflow. (Section 9).

More specifically, Section 4 introduces actors. Section 5 defines serial, parallel, and feedback composition
operators on actors. Section 6 presents refinement and the conditions under which it is preserved by com-
position. Section 7 defines throughput and latency and shows that worst-case bounds on these metrics are
preserved by refinement. We also define a notion of buffer requirements in Section 8 and show that worst-
case bounds on these requirements are preserved by refinement. In Section 9, we show examples of models
that can be cast into our framework, and provide algorithms for problems such as checking refinement and
computing compositions, throughput and latency.

2 Motivating Example

To illustrate the use of our framework, we present an example of an MP3 play-back application. The
application is based on a fragment of the car radio case study presented in [45]. Our goal is to show how
such an application can be handled within our framework, using stepwise refinement from specification to
implementation, such that performance guarantees are preserved during the process.

The layers of the refinement process are shown in Figure 1. The top layer captures the specification. It
consists of a single actor SPEC, with a single output port, and a single event sequence 7 at this port, defined
by 7(n) = 50 4+ n/a4.1ms, for n € N. That is, the n-th event in the sequence occurs at time 7(n). SPEC
specifies the required behavior of an MP3 player where audio samples are produced at a rate of 44.1 kHz,
starting with an initial 50 ms delay.

Note that SPEC has no inputs: for simplicity, we do not model input tokens, assuming they are always
available for consumption. Also note that the system typically includes a component such as a digital-to-
analog converter (DAC) which consumes the audio samples produced at port p, buffers them and reproduces
them periodically. We omit DAC since it does not take part in the refinement process.

The next layer is an application model consisting of actors DEC (decoder), SRC (sample-rate converter),
and actor D1 explained below. DEC and SRC are timed synchronous data flow (SDF) [28] actors. SDF
actors communicate by conceptually unbounded FIFO queues. They “fire” as soon as a fixed number of
tokens become available at their input queues and, after a fixed duration, produce a fixed number of tokens
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Figure 1: Successive refinements of an MP3 playback application.

at their output queues. For instance, DEC consumes and produces 1152 tokens per firing on the queues
from and to the SRC actor. Each firing of DEC takes 7.51 ms. For a formal definition of SDF actors see
Section 9.1. D1 is an actor modeling 2016 initial tokens on the queue from SRC to DEC. Formally, it is
an instance of parameterized actor I, defined in Example 17. All dataflow actors in Figure 1 (DEC, SRC,
DEC2, DEC3 and NC) implicitly have a self-edge with a single initial token so that firings of the same actor
do not overlap (i.e., each firing completes before the next one starts).

The global application model is a single composite actor APP obtained by composing the three actors
above, first in sequence and then in feedback, and then hiding all ports except the output port p of SRC.
Section 5 precisely defines the compositions and hiding. Because APP is an SDF model and hence deter-
ministic, APP produces a single event sequence 7, at p. We have captured APP in the dataflow analysis
tool SDF3 (http://www.es.ele.tue.nl/sdf3/) and have used the tool to check that 7, refines 7, i.e., that
each event in 7, occurs no later than the corresponding event in 7. As a result, APP refines SPEC.

The motivation for the third layer is buffer considerations. In this layer, the SDF actor DEC is replaced
by the cyclo-static data flow (CSDF) [7] actor DEC2. This substitution results in smaller buffers on the queue
from SRC to DEC2 [45]. CSDF actors generalize SDF actors by allowing the token consumption/production
rates to vary periodically, as an SDF actor that cycles between a finite set of firing phases. In our example,
DEC?2 has 39 phases, captured by the notation r = [0, 0, [32]'8, 0, [32]*®]. In the first two phases DEC decodes
frame headers without consuming nor producing any tokens. The subsequent 18 phases each consume and
produce 32 tokens, and are followed by a header decoding phase with no tokens consumed or produced. Fi-
nally there are 18 more phases that each consume and produce 32 tokens. This sequence of phases is repeated
for each MP3 frame. The durations of these phases are given by es = [670, 2700, [40]*®, 2700, [40]'®]us. That
is, phase 1 takes 670 us, phase 2 takes 2700 us, and so on.

Using arguments similar to those presented later in Example 8, we can show that DEC2 refines DEC.
The composite actor APP2 is produced by first refining DEC to DEC2, and then reducing the number of
initial tokens from D1 to D2, while maintaining that APP2 refines APP. The latter is ensured by using SDF3
to compute 7, for a given D2, and checking that 7, refines 7.

The bottom layer is an architecture aware model (AA) that is close to a distributed implementation on a
multiprocessor architecture with network-on-chip (NoC) communication. In this layer DEC2 is replaced by
the composition of DEC3, D3 and NC. DECS3 is identical to DEC2 except for its firing durations which are
reduced to e3 = [670,2700, [30]*®,2700, [30]'®]us, because the communication is modeled separately. NC is
an SDF actor that models the NoC behavior. It can be shown that the composition of DEC3, NC and D3
refines DEC2. This and our compositionality Propositions 5, 6 and 7 imply that AA refines APP2.

The final implementation (not shown in the figure) can be compositionally shown to refine the AA model.
For instance, the NC actor conservatively abstracts the NoC implementation [20]. It is important to mention
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that although implementations are time-non-deterministic for multiple reasons, e.g., software execution times
or run-time scheduling, the models in Figure 1 are time-deterministic.

3 Related Work

Abstraction and compositionality have been extensively studied from an untimed perspective, focusing on
functional correctness (e.g., see [5, 32, 33, 11]). Timing has also been considered, implicitly or explicitly, in a
number of frameworks. Our treatment has been inspired in particular by interface theories such as interface
automata [14]. Although such automata have no explicit notion of time, discrete time can be implicitly
modeled by adding a special “tick” output. A synchronous and symbolic version of the theory of [14] is
proposed in [42], where discrete time is implicitly measured by synchronous rounds. Our work has been
inspired by [42] which also uses a relational framework, although different from the one used in this paper.
[15] follows [14] but uses timed automata [2] instead of discrete automata. However, a notion of refinement
is not defined in [15]. [13] extends [15] with a notion of refinement in the spirit of alternating simulation [3],
adapted for timed systems. Other refinement variants for timed automata include the simulation-relation
in [38], the trace-inclusion based refinement in [10] and the one used for conformance testing in [27].

The refinement notions used in all works above differ from ours in a fundamental way: in our case, earlier
is better, whereas in the above works, if the implementation can produce an output a at some time ¢, then the
(refined) specification must also be able to produce a at the same time ¢. Thus, an implementation that can
produce a only at times ¢t < 1 does not refine a specification that can produce a only at times ¢t > 2.Another
major difference is that performance metrics such as throughput and latency are not considered in any of
the above works.

Our work is about non-deterministic models and worst-case performance bounds and as such differs
from probabilistic frameworks such as Markov decision processes, or stochastic process algebras or games
(e.g., see [34, 24, 22, 16]). Worst-case performance bounds can be derived using techniques from the network
calculus (NC) [8] or real-time calculus (RTC) [39]. Refinement relations have been considered recently in these
frameworks [21, 40]. Semantically, these relations correspond to trace containment at the outputs and as such
do not follow the earlier-is-better principle. An important feature of NC and RTC is that they can model
resources, e.g., available computation power, and therefore be used in applications such as schedulability
analysis. We do not explicitly distinguish resources in our framework. In NC and RTC, behaviors are
typically captured by arrival or service curves. These have limited expressiveness compared to our framework
where traces can be captured, for instance, by automata. The same can be said of real-time scheduling theory
(e.g., see [9]). Automata-based models have been used for scheduling and resource modeling, e.g., as in [44],
where tasks are described as w-regular languages representing sets of admissible schedules. Refinement is
not considered in this work, and although it could be defined as language containment, this would not follow
the earlier-is-better principle.

(max, +) algebra and its relatives (e.g., see [4]) are used as an underlying system theory for different
discrete event system frameworks, including NC, RTC and SDF. (max,+) algebra is mostly limited to
deterministic, (max, +)-linear systems. Our framework is more general: it can capture non-determinism
in time, an essential property in order to be able to relate time-deterministic specification models such as
SDF to implementations that have variable timing. Time Petri nets have also been used for performance
evaluation although in a non-compositional context (e.g., see [35]).

There are different ways to mathematically model the event sequence abstraction. The event sequences
used in this paper can be seen as a special case of the general tagged signals of [30], with signal values
abstracted. Note, however, that composition in [30] is intersection, whereas we use a demonic interpretation
and also that no specific refinement relation or compositionality guarantees are provided in [30]. As we show
in Section 9.2, event sequences can also equivalently be expressed in a dual form as arrival functions [8].
Counter and dater functions are similar structures known from (max, +) algebra [4].

Our work has also been inspired by the work in [46], where task graph implementations are conservatively
abstracted to timed dataflow specifications.



4 Actors

We consider actor interfaces (in short actors) as relations between finite or infinite sequences of input tokens
and sequences of output tokens. We abstract from token content, and instead focus on arrival or production
times represented as timestamps from some totally ordered, continuous time domain (7, <). 7 contains a
minimal element denoted 0. We also add to 7 a maximal element denoted oo, so that t < oo for all t € 7.
T denotes 7 U{oo}. N denotes the set of natural numbers and we assume 0 € N. R denotes the set of real
numbers and RZ° the set of non-negative reals.

Definition 1 (Event sequences). An event sequence is a total mapping 7 : N — T°°, such that T is weakly
monotone, that is, for every k,m € N and k < m we have 7(k) < 7(m).

7(n) = oo is interpreted as event n being absent. Then, monotonicity of 7 and maximality of co implies
that all events n’ > n are also absent. Because of this property, an event sequence 7 can also be viewed as a
finite or infinite sequence of timestamps in 7. The length of 7, denoted |7|, is the smallest n € N such that
7(n) = oo, and with somewhat abusive notation |7| = oo if 7(n) < oo for all n € N. If |7| = oo then 7 is
infinite, otherwise it is finite. We use € to denote the empty event sequence, e(n) = oo for all n. Given event
sequence 7 and timestamp ¢t € 7 such that ¢ < 7(0), ¢ - 7 denotes the event sequence consisting of ¢ followed
by 7. The set of all event sequences is Tr.

Event sequences are communicated over ports. For a set P of ports, Tr(P) denotes P — Tr, the set of
total functions that map each port of P to an event sequence. Elements of Tr(P) are called event traces
over P. For x € Tr(P), we sometimes use the notation (p,n,t) € x instead of z(p)(n) = 1.

Definition 2 (Earlier-than and prefix orders). For 7,7" € Tr, 7 is said to be earlier than 7/, denoted 7 < 7/,
iff |7| = |7’| and for all n < |7|, 7(n) < 7'(n). < is called the earlier-than relation. In addition we consider
the prefix relation: T < 7' iff |7| < |7’| and for every n < |7|, T7(n) = 7'(n). We lift < and =< to event traces
x, 2" € Tr(P) in the usual way: © < x' iff for allp € P, x(p) < z'(p); x X' iff for allp € P, x(p) = 2'(p).

1 o o (]
p) o (] (] [ ) o
@ o o ([ J o

1 1 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9 time

Figure 2: Three event sequences.

Example 1. Figure 2 shows three event sequences 11, To and T3 visualized as black dots on a horizontal time
line: 4 =3-5-7T-¢, 25=3-5-7-8-9-candm3=0-3-5-7-9-€. 7 is a prefix of To: 71 = To; and T3 is
earlier than 1o: 73 < To. But 71 £ 75.

Recall [12] that a poset (partially ordered set) is a set equipped with a partial order, i.e., a reflexive,
transitive, and antisymmetric binary relation. A chain is a countable sequence (possibly infinite) of ordered
elements in the set. A complete poset (CPO) is a poset with a least element and such that every chain
has a least upper bound. A structure similar to a CPO, but (possibly) without a least element is called a
pre-CPO. The least upper bound of chain C' in a pre-CPO with order ~ is denoted | | C, or just | |C if the
order is evident.

Lemma 1. (7Tr,<) and (Tr(P),<) are pre-CPOs. (Tr,=) and (Tr(P), =) are CPOs.

Proof. Tt is easy to show that both < and =< are partial orders on event sequences and traces. The empty
sequence ¢ is the least element in (Tr, <). In (Tr(P), <) the least element is the event trace which assigns e



to every p € P. On the other hand, < does not have a least element because sequences of different lengths
are incomparable w.r.t. <. The least upper bound of an infinite strictly increasing chain w.r.t. = is the
unique infinite sequence whose finite prefixes are prefixes of sequences in the chain. The event sequences
in an increasing chain {74} in (7r, <) are all of the same length | and for any n < I, {7x(n)} is a chain
n (7°°,<) with a least upper bound ¢, (possibly co). Then the event sequence 7 of length [ such that
7(n) = t, is the least upper bound of {7;}. O

If z1 is an event trace over ports P, and x5 is an event trace over ports P, and P; and P, are disjoint, then
x1 Uzo denotes the event trace over Py U Py such that (1 Ux2)(p) = 21(p) if p € Py and (21 Ux2)(p) = 22(p)
if pe Py. x| Q is identical to event trace x, but with the domain restricted to the set of ports Q. = T @ is
identical to , but with all ports in ) removed from the domain, i.e., if z € Tr(P) thenz 1 Q =2z | (P \ Q).

Definition 3 (Actors). An actor is a tuple A = (P,Q, Ra) with a set P of input ports, a set Q of output
ports and an event trace relation Ry C Tr(P) x Tr(Q). We use xAy to denote (z,y) € Ra when we leave
the three-tuple of A implicit.

Definition 4 (Legal input traces). For an actor A with input ports P and output ports Q, ing denotes the
set of all legal input traces of A: ing = {xz € Tr(P) |y € Tr(Q) : zAy}.

Definition 5 (Input-closures, monotonicities and continuities). Let A be an actor with input ports P and
output ports Q. A is called input-complete iff ing = Tr(P). Given a partial order < on Tr(P) and Tr(Q),
A is called (inverse) <-input-closed iff for every x € ing and ' € Tr(P), 2’ <z (v <a') implies ' € ing.
A is called (inverse) -monotone iff for every x, y and &’ such that Ay, ' € ing and x 1’ (2’ Qx), there
exists y' such that y <y’ (v Qy) and ' Ay'. Assuming < yields pre-CPOs, A is called <-continuous iff for
every pair {xi} and {yr} of chains of event traces w.r.t. (Tr(P),<) and (Tr(Q), Q) respectively, if xiAyx
for all k, then ([|q{zrxHAU<{vs})-

Definition 6 (Determinism). An actor A = (P,Q, Ra) is called deterministic, if R4 is a partial function.

Note that a definition of continuity in the reverse prefix order would be equivalent to inverse <-monotonicity
because prefix is well-founded.

If + € Tr(P) and ¢t € T, then x : t denotes the event trace x’ such that for every p € P and n € N,
2'(p)(n) = z(p)(n) if z(p)(n) < t, and z'(p)(n) = oo otherwise. In order words, x : ¢ is the restriction of z
up to time t¢.

Definition 7 (Temporal causality). A =<-input-closed actor A is called temporally causal if for every x,
y such that xAy, and for any p and n, if y(p)(n) = t then there exists y' such that y' <y, (v : t)Ay’
and y'(p)(n) = t. A is strictly temporally causal if there exists t' < t such that vy’ <y, (z : t')Ay’ and

y'(p)(n) =t.
In the rest of this section we give some examples of actors. More examples are provided in Section 9.

Example 2 (Delay actors). A variable delay actor Ajg, 4,) with minimum and mazimum delay dy, dy € R20,
where di < da, is an actor with one input port p, one output port q, time domain T = RZ°, and such that

TAay,a0)y W 12 (P)] = ly(@)| AV < [z(p)] :
z(p)(n) + di < y(q)(n) < z(p)(n) + da
An >0 = y(g)(n) = y(g)(n—1).

A[dl,dﬂ s input-complete, <- and <-monotone in both directions, and =<- and <-continuous, but not de-
terministic in general. The constant delay actor Ay is the deterministic variable delay actor Ay q. We
show that the constant delay actor is <-continuous. Let {xy} and {yi} be chains as in the definition of <-
continuity, with least upper bounds x and y respectively and let y' such that xAgy’. Then, if zi(p)(n) < oo
for all k, y(a)(n) = LHye(@)(m)} = Li{zn(p)(n)+d} = L{ea(p)(n)} +d = 2(p)(n) +d = y'(q) (n). Otheruwise,
if Ty (p )( ) oo for some m (and thus x(p)(n) = oo for all k > m), then yr(q)(n) = oo for all k > m and
y(q)(n) = 0o =y'(q)(n). Thus y'(q)(n) = y(q)(n) for alln, y'(p) = y(q) and y' =y.



Example 3 (Merge actor). A merge actor G is a deterministic actor with two input ports p1 and ps and
one output port q in the time domain T = R2Y such that

Gy iff y(q) = z(p1)|z(p2)

where a merge operator | on event sequences is defined as the continuous extension of the following inductive
definition for finite event sequences:

Ty if i =c¢€
Ty if o =c¢€
tl'(TﬂTg) ileztl'T{,TQZtg'Té,tlStg
to-(11|mg) if i =t T, o =ty Ty, ta <t

T1|T2 =

G is not <-monotone in either direction, because an event added to or removed from the end of the sequence
of one port, may be inserted at or removed from the middle of the output trace. G is <-monotone in both
directions and temporally causal.

We show that G is <-monotone. Let 1 < x9 and let x1Gy1 and x2Gya, then y1(q) = x1(p1)|x1(p2) and
y2(q) = za(p1)|z2(p2). |yi(q)] = |xi(p1)] + |xi(p2)| if both are finite and |y;(q)| = oo otherwise, so clearly
ly1(q)| = |y2(q)|. We only need to show further that for all n < |y1(q)|, y1(q)(n) < y2(q)(n). By definition
of the merge operator, x1(p1) and x1(p2) together have at most n events labeled strictly smaller than y,(n).
Because x1 < xa, x2(p1) and x2(p2) together have at also most n events labeled strictly smaller than yi(n).
Hence, y1(q)(n) < ya2(q)(n). Inverse <-monotonicity is proven in a similar fashion.

Example 4 (Temporal anomaly). Actor H is an actor with one input port p and one output port q in the
time domain T = R2% such that

2n < z(p)(n) < 2n+2 and
=z(n)+2if 2n <z(n) <2n+1,

xHy iff Vn < |z(p)| : ) =z(n)
):x(n) if2n—|—1§m(n) <2n+2

Y
Y
H is inverse <-monotone, <-monotone in both directions, temporally causal (not strictly).

Example 5 (Timeout actor). Actor T, is an actor with one input port p and one output port q in the time
domain T = R=Y such that

xTqy  iff Yn:y(g@)(n) =z(p)(n) if z(p)(n) <d and y(q)(n) = oo otherwise.

If event n does not arrive before time d, discard it otherwise output. A timeout actor is <-monotone in
both directions and <-continuous. It is inverse <-momnotone, but not <-monotone and not <-continuous.

5 Compositions

Actor interfaces can be composed to yield new actor interfaces. The composition operators defined in
this paper are illustrated in Figure 3. Parallel composition composes two interfaces side-by-side without
interaction:

Definition 8 (Parallel composition). Let A and B be two actors with disjoint input ports Py and Pg and
disjoint output ports Qa and Qp respectively. Then the parallel composition A||B is an actor with input
ports P4 U Pp, output ports Q4 U Qp, and relation A||B = {(z1 Uz, y1 Uys) | £1Ay1 A 22Bya}.

Parallel composition is clearly associative and commutative. It is also easy to see that it preserves all
monotonicity, continuity and closure properties if both actors have them.
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Figure 3: Actor compositions.

Definition 9 (Serial composition). Let A and B be two actors with disjoint input ports Py and Pp and
disjoint output ports Q4 and Qp respectively. Let 0 be a bijective function from Q4 to Pg. Then the serial
composition A0B is an actor with input ports Py = Py, output ports Qo = Q4 U Qp, and whose relation is
defined as follows. First, we lift the mapping of ports to event traces: 6(y) = {(6(p),n,t) | (p,n,t) € y}. The
input-output relation of the composite actor AOB is then defined as:

AIB = {(x1,51 Uya) € ing x Tr(Qy) | x1Ay1 A 0(y1)By2}
where: ing = {x € iny | Vy1 : xAy; = 0(y1) € ing}.

ing captures the set of legal inputs of the composite actor AGB. In the spirit of [5, 14], we adopt a
“demonic” interpretation of non-determinism, where an input x is legal in A6B only if any intermediate
output that the first actor A may produce for x is a legal input (after relabeling) of the second actor B.

Definition 10 (Receptiveness). Actor B is receptive to actor A w.r.t. 8 iff Vo,y: xAy = 6(y) € inp.

An input-complete actor is clearly receptive to any other actor. If B is receptive to A or A is deterministic,
then AAB reduces to standard composition of relations. Moreover, if both A and B are deterministic
(respectively, input-complete) then so is A0B.

Note that the requirement that 6 is total and onto is not restrictive. For example, suppose A has two
output ports q1,q2 and B has two input ports pi,p2, but we only want to connect ¢; to p;. To do this,
we can extend A with additional input and output ports p,, and gy,, respectively, corresponding to pa. A
acts as the identity function on p,, and g¢,,, that is, for all =,y such that Ay, y(¢p,) = (pp,). Then we
can connect g,, to pz. Similarly, we can extend B with additional input and output ports p,, and gg,, and
connect gz to pg,-

A hiding operator can be used to make internal event sequences unobservable.

Definition 11 (Hiding). Let A = (P,Q, Ra) be an actor and let Q' C Q. The hiding of Q' in A is the actor

AQ' = (P,O\Q" {(z,y 1 Q") | zAy}).
Note that in 4\ = ina. Hiding preserves all forms of monotonicity and continuity, as well as determinism.

Definition 12 (Feedback). Let A(P,Q, Ra) be an actor and let p € P and q € Q. The feedback composition
of A on (p,q) is the actor

Alp=q) = (P\{p}, Q. {(z T {p}v) | zAy A z(p) = y(@)})-

It is well-known from the study of systems with feedback that the behavior of such a system may not
be unique, even if the system is deterministic, or that the behavior may not be constructively computable
from the behavior of the actor, depending on the nature of the actor[23]. To effectively apply feedback we
will typically require additional constraints on the actor. In the following proposition we describe a case in
which a solution can be constructively characterized by a method reminiscent of those used in Kahn Process
Networks (KPN) [25]. Our result can also handle non-deterministic actors, however. See also the related
Proposition 6.



Proposition 1. If actor A is input-complete, <-monotone and =<-continuous, then A(p = q) is input-
complete, <-monotone and <-continuous.

Proof. Let A= (P,Q,R4), with p € P and ¢ € Q. If = is an event trace and p a port of z, then z[p — 7]
denotes the event trace obtained from = by setting the sequence at p to 7 and leaving the sequences at all
other ports unchanged.

(input-completeness) Let « € Tr(P\{p}), then by input-completeness, o = z[p — €] € in4. Hence there
is some yo such that xoAyy. Now let 1 = z[p — yo(q)]. Clearly xzy = x1. Further by =<-continuity, there
exists y; such that x1 Ay, and yo < y1. Repeating the procedure with xx1 = z[p — yi(q)] we create two
chains {zj} and {yx} in the prefix CPO, such that for all k, xxAyx. Let ' = | |o{zr} and v = || {yx},
then by construction of the chains and by =<-continuity, respectively z’(p) = y'(¢) and 2’ Ay’. Therefore,
x' T {p} = € inyp—gq). Thus, A(p = q) is input-complete.

(=-monotonicity) Let x4, zp, € Tr(P\{p}), a = zp and 2/, Ay, such that =, T {p} = =, and 2/, (p) = v, (¢)-
That is, z,A(p = q)y,. Let 23, = x[p — y(q)]. Then zj, < 3, By =-monotonicity and input-
completeness of A, there exists y; , such that z} Ay; , and y, < y,,. We repeat the construction as
follows. For k > 0, let zj ; = xg’k;l[p — yl’)kfl(q)] Then Ty = a:gk By =<-monotonicity and input-
completeness of A, there exists yj , such that zj , Ay, and y; , 1 = Yy 5 It follows inductively that for all
k, xb e TAp} = ap, ¥, = yb & and ;vb kAyb i 1 we let xy, and yp, be the least upper bounds of the chains
{xb k} and {y, ;. } respectively, then xp 7 {p} =, zy(p) = y;,(¢) and y, < y;. Moreover, by =<-continuity of
A, a:bAyb Thus, 2, A(p = = q)y;, and we have shown <-monotonicity of A(p = q).

(j—continuity) Proving preservation of least upper bounds is straightforward. Assume we have two
chains of inputs and outputs of A(p = q), {zx} and {yx} respectively, such that xxA(p = q)yr. Then there
exist {«},} such that z, = z}, T {p}, 2}, Ayr with z}(p) = yx(¢). From this it follows that also {z}} is a
chain in the prefix CPO. Thus we can apply event-continuity of A and obtain that with ' = | |_{z}.} and
y = |J<{yx}, we have 2’ Ay and z'(p) = y(q). Moreover, by construction, =’ T {p} = | |<{zx} and thus

(U<{ze DA = o) (U<{y})- O

The assumptions used in the above result may appear strong at first sight. Note, however, that similar
assumptions are often used in fixpoint theorems, even for deterministic systems. Although we could have
restricted our attention to actors that have such properties by definition, we chose not to do so, since one
of our goals is to be as general as possible and to examine the required assumptions on a case-by-case basis.
Note that some actor formalisms (e.g., SDF) ensure these properties by definition, however, other formalisms
(e.g., automata) don’t.

Let us look at some examples of actors in feedback.

Example 6 (Identity actor in feedback). The identity actor I, , with a single input port p and a single
output port q is such that xI, oy iff x(p) = y(q). Ipq(p = q) has no input ports, a single output port q, and is
such that I, (p = q) = Tr({q}), i.e., it can non-deterministically produce any event sequence on its output
q.

Notice that, since I, ; is deterministic, the above example also shows that determinism is not preserved
by feedback.

Example 7 (Constant delay actor in feedback). Consider the constant delay actor Ay from Example 2.
For d = 0, the actor behaves like the identity actor, therefore, Ao(p = q) = Ipq(p = q¢) = Tr({q}).

the other hand, for any d > 0, Ag(p = q) = {e}, since only the empty sequence satisfies the condition
Vn < |7|:7(n) =7(n) +d.

A case of non-deterministic actor in feedback is provided in Example 10.
Proposition 2. Serial composition is associative. Feedback is commutative.

Proof. (associativity of serial composition) We have to show that A0, (B6:C) = (A6, B)6,C. Let x A0, (B0:C)y.
Then there exist ya, B, y5, ¢ such that zAya, pByp, ©cCy, 01(ya) = vp and 02(yp) = x¢. Because
of the demonic non-determinism input restrictions, we need to show that (i) for all 3/, such that xAy/,,



01(y’4) € inp and (ii) for all y such that A6 By}, 02(yy) € inc. Ad (i), we know that for all such ¢/,
01(yy) € inpg,c C inp. Ad (ii), let y be such and let /4 and z'5 such that z Ay, 5By and 61(y/y) = 2.
Then z'5 € ingg,c and therefore, 02(y;) € ing. Thus we may conclude that z(A6, B)0:Cy.

Conversely, let ©(A60;B)6;Cy. Then again there exist ya, xp, yp, ¢ such that xAya, xgByg, vcCy,
01(ya) = xp and O2(yp) = zc. However, we have different input conditions to check. We need to show that
(i) for all y/4 such that zAy, 61(v/y) € inpg,c and (ii) for all yj; such that xp By}, 02(y) € inc. Ad (i),
we know that for all such vy, 61(y/4) € inp and that for all y; such that £A61 By}, 02(yz) € inc. Let yf
be such that 6;(y/,) By, then £ A6, By%, and hence 6(y;) € inc and thus y/; € inpgg,c. (ii) follows directly
from the fact that z A6, By};. Thus we conclude also that zA6,(B62C)y.

(commutativity of feedback) Let A = (P,Q, R4) be an actor and let p;,ps € P and ¢1,¢q2 € Q. Let
zA(p1 = q1)(p2 = g2)y. Then with zo = 2[p2 — y(g2)], 22A(p1 = q1)y and with z12 = z2[p1 — y(q1)] =
z[pr — y(q1),p2 — y(g2)], x12Ay. Since x12(p2) = y(g2), with z1 = x12 T {p2}, 21A(p2 = ¢2)y. Finally,
since z1(p1) = y(q1) and z1 1 {p1} = x, we have that xA(ps = ¢2)(p1 = @1)y. O

Let K be a set of feedback connections, K = {(p1,¢1),--., (Pn,qn)}. Let A be an actor with input ports
P and output ports @, such that for all i = 1,...;n, p; € P and ¢; € Q. We denote by K(A) the interface
Alp1 = q1) - (pn = ¢n). By commutativity of feedback, the resulting actor is independent from the order
of application of feedback connections.

Note that, contrary to what one might expect, serial composition is not equivalent to parallel compo-
sition followed by feedback. The reason for this is the demonic interpretation of non-determinism in serial
composition. Serial composition A@B can, however, be expressed by parallel composition and feedback if B
is receptive to A w.r.t. 6:

Proposition 3. Let A and B be actors with disjoint input ports Pa and Pp and disjoint output ports Q4
and Qp respectively. Suppose B is receptive to A w.r.t. 0. Let Qa = {q1,...,qn} and Pg = {p1,...,pn}. Let
K ={(p1,91),---, (Pn,aqn)}. Let 8 be the bijection from Qa to Pg with 6(q;) = p;. Then AOB = K(A||B).

Proof. Let tAOBy. Let xAya, 0(ya) = zp and xpBy. Then (x Uxp)A||B(ya Uy) and for all ¢; € Qa,
(xUzp)(0(q;)) = (xUxp)(p:;) = (ya Uy)(q:). Thus, xK(A||B)y. Conversely, if K (A||B)y, then there
exists a’ such that ' T Pg = z, 2’A||By and for all 1 < k < n, y(qx) = «’'(px). Then zA(y | Q4) and
Oy | Qa)B(y | @p). Because actor B is input complete, zA0By. O

6 Refinement

Refinement is a relation between two actors A and B, allowing one to replace actor A by actor B in a given
context and obtain “same or better” results, in the worst case. If 74 and 75 are event sequences produced
by A and B, respectively, then “7g is same or better than 74” means the following: 75 should have at least
as many events as 74 and for every event they have in common, the event should be produced in 75 no later
than in 74. We first capture this relation on event sequences and event traces.

Definition 13 (Refinement on event sequences and event traces). Event sequence T refines event sequence
7/, denoted T C 7/, iff for alln € N, 7(n) < 7'(n). C is lifted to event traces x,x’ € Tr(P) in the standard
way: x T o' iff for all p € P, x(p) C 2/ (p).

For example, for the event sequences shown in Figure 2, we have 73 C 75, 75 T 71, but 71 £ 7o.

Lemma 2. The refinement relations on event sequences and event traces are partial orders, i.e., reflexive,
transitive and antisymmetric.

Proof. Straightforward. O

Lemma 3. The set of traces (Tr(P),C) equipped with the refinement order is a lattice. The supremum and
infimum of traces is the point-wise supremum and infimum respectively. The event sequence 6, defined by
6(n) =0 for alln € N, is the least element. The empty sequence €, defined by e(n) = oo for alln € N, is the
greatest element.
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Proof. 1 C zo iff for all p € P and n € N, z1(p)(n) < z2(p)(n). Because (7°°, <) is a lattice with min and
max and the (infinite) point-wise product of lattices is itself a lattice, the result follows. O

Lemma 4. For all x,2’ € Tr(P): (1) 2’ < x implies x T 2'; (2) x < 2’ implies x C 2’; (3) © T 2’ iff there
exists ¥’ € Tr(P) such that 2" <z and 2" < a’; (4) x C a2’ implies ¥p € P : |2'(p)| < |z(p)|; (5) if both x
and x' are infinite, then x C o’ iff v < 2'.

Proof. (1) and (2) follow easily from the definitions and the fact that ¢ < oo holds for any ¢ € 7. The
‘4f” direction of (3) follows from (1) and (2), and the fact that C is transitive (Lemma 2). For the ‘only if’
direction of (3), we define =" such that for all p € P, |2”(p)| = |2/ (p)| and Vn < |2”(p)] : " (p)(n) = xz(p)(n).
We claim that 7 < z and 2" < z’. Consider some p € P, and let 7 = x(p), 7’ = 2/(p) and 7" = 2" (p). We
need to show that 7/ < 7 and 7”7 < 7/. The latter follows by definition of z’/ and 7 E 7’. To show 7"/ =< T,
we distinguish cases:

(a) |7] < |7’|: this implies that for some n € N we have 7(n) = oo but 7/(n) # co. Then z(p)(n) >
2'(p)(n), which contradicts the hypothesis  C 2’. Thus, this case is not possible.

(b) |7| > |7']: then |7| > |7”|, and by definition of z”, ¥n < |7”| : 7" (n) = 7(n), therefore, 7/ < 7.
(4) follows from (3) and the facts |z”(p)| < |z(p)| and |2 (p)| = |2’ (p)].
(5) follows from (2) and (3), and the fact that of 2 and 2’ are infinite, then 2" = x. O

Knowing what refinement of event traces means, we can now define a refinement relation on actors.

Definition 14 (Actor refinement). Let A = (P,Q, R4) and B = (P,Q, Rp) be actors. B refines A, denoted
BLC A, iff (1)ina Cing; and (2)Vz € ing,Vy : 2By = Ty :y Ty AzAy'.

Condition (1) states that for actor B to refine actor A, B must accept at least all the inputs that actor A
accepts. Condition (2) states that any behavior of actor B is no worse than the worst-case behavior of A on
the same input. Note that the standard notion of refinement, implementing the “more output deterministic”
principle, amounts to using the stronger constraint y = y’ instead of y C 3’ in Condition (2).

The requirement that both A and B have the same sets of input and output ports is not restrictive.
Every output port of A (resp. input port of B) must also be an output port of B (resp. input port of A):
otherwise replacing A by B in certain contexts may result in open inputs. Any output port of B (resp. input
port of A) not originally in A (resp. B) can be added to it as a “dummy” port.

A conditional notion of refinement is often useful, where in both Conditions (1) and (2) inyg is replaced
by ing N X, for some given (typically C-closed) set of input traces X C Tr(P). X models assumptions on
the inputs of A and B. This conditional refinement relation is denoted by B Cx A.

p 1LY qu.m L e ¢ 3

Figure 4: SDF actor A refined by CSDF actor A'.

Example 8 (CSDF actor refining SDF actor). Figure 4 shows an SDF actor A refined by a CSDF actor
A’. At each firing, which takes 5 time units to complete, A consumes 2 and produces 3 tokens. A’ cycles
between two firing phases: in the first, which takes 1 time unit, 1 token is consumed and 1 is produced; in
the second, which takes 3 time units, 1 token is consumed and 2 are produced. We observe that for the same
number of input tokens, A’ produces no fewer (and sometimes strictly more) output tokens than A, because
A’ can fire on a single input token, whereas A requires two. Moreover, because of the earlier activation, as
well as the shorter processing time, A’ produces outputs no later than A. Therefore, A’ refines A.

It is worth noting that the refinement in the above example would not hold had we used y < v’ instead
of y C v in Definition 14. This is because, for the input sequence containing a single token, A’ produces
strictly more tokens than A. As the example of Section 2 shows, it is important to be able to replace SDF
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actors by CSDF actors in applications, which partly motivated our definition of refinement. Additional
motivation for refining SDF to CSDF or other less “monolithic” models is provided in [41], in the context of
modular code generation.

Proposition 4. The refinement relation on actors is a pre-order, i.e. it is reflexive and transitive .
Proof. Straightforward, using Lemma 2. O
The refinement relation on actors is not antisymmetric, as the following example shows.

Example 9 (Refinement not antisymmetric). Consider the constant delay actor Agq and the variable delay
actor Apq, d,), ntroduced in Evample 2. We show that if d < da, then Ag E A, a,): (1) Ay, 4, €Ay,
because both are input-complete. (2) Let x € inn, ., and Aqy. Then [x(p)| = |y(q)| and for all n < |z(p)|,
y(q)(n) = z(p)(n) +d. Lety' be defined as follows. |y'(q)| = |y(q)| and y'(q)(n) = z(p)(n) + da, then y Ty’
and A, 4,0y’

Similarly, iof da < d, then Ajg, q,) E Ag, therefore, if d = da, then the two actors refine each other. But
the two actors are generally not equal. In particular, if di < da, then Ay, q4,) 75 a non-deterministic actor
and contains pairs (x,y) not contained in Ay, (those for which y(q)(n) < x(p)(n) + do for some n).

Lemma 5. (1) A is <-input-closed and inverse <-input-closed iff A is C-input-closed. (2) A is inverse
<-input-closed and <-input-closed iff A is inverse C-input-closed. (3) If A is inverse <-monotone and <-
monotone, then A is C-monotone. (4) If A is <-monotone and inverse <-monotone, then A is inverse
C-monotone. (5) If A is <-continuous, then it is C-continuous.

Proof. Parts of the proof are omitted. For (1) and (2), the ‘if” direction is trivial, because 21 C zo is implied
by 1 < 23 and x5 < 1. (1) For the ‘only if” direction, let x € iny and 2’ C 2. By 2’ C x and Lemma 4,
there exists " such that 7 < 2’ and 2"/ < z. <-input-closure of A, z € iny and 2”7 < z, imply 2 € iny4.
The latter, together with 2" < 2’ and inverse <-input-closure of A, imply =’ € in4.

(3) Let z, y and ' be such that xAy, 2’ € ing and x C 2’. By 2 C 2’ and Lemma 4, there exists ="
such that "7 < x and z” < z/. By inverse <-monotonicity of A, there exists "/ < y such that "’ Ay”. By
<-monotonicity of A, there exists y’ such that y” <y’ and 2’ Ay’. By Lemma 4, y C y/'.

(5) Let {z1} and {yx} be chains in the refinement order, i.e., zy C z)41 and yx C yg41 such that z, Ay,
for all k. Since the result is trivial for finite chains, assume that the chains are infinite. By Lemma 3,
the chains have least upper bounds x and y respectively. For any port p, individual event sequences xy(p)
cannot increase in length: this is because zy T xpy1 implies zx(p) T zx41(p), and the latter implies
|zk+1(p)| < |xk(p)], by Lemma 4. Similarly, for any port ¢, individual sequences yj(g) cannot increase in
length. Therefore, every individual event sequence on some port p in x Uy is either of infinite length for all
k, or eventually becomes of finite length and then there must be some m(p) such that for all k¥ > m(p) its
length does not further decrease. Let M be the maximum of m(p) of all ports p for which the length becomes
finite, and M = 0 if there is no such port. Then the chains {zyr4x | ¥ > 0} and {yar4r | £ > 0} contain
only event sequences of equal length. On event sequences of equal length, C is equivalent to <, therefore,
the above chains are chains in the pre-CPO (Tr(P), <), thus, have least upper bounds z’ and y’ w.r.t. <.
Because < is equivalent to C in this case, 2’ = z and y’ = y. By <-continuity of A it follows that zAy. O

Refinement is preserved by serial composition under natural conditions, namely, consuming actor B
should not refuse better input and should not produce worse output on better input:

Proposition 5. (I) If A’ C A and B is C-input-closed and C-monotone, then A'0B C A0B. (II) If B'C B
then AOB' C A0B.

Proof. (I) Let A’ C A. We need to show that A’'0B T A§B. (1) Let = € inagp. Then there is some y
such that zA0By, i.e., there exist y;, 22 and y such that Ay, z2By and x5 = 0(y1) and Vy; : 2Ay; —
O(y1) € ing. We need to show that there exists 3’ such that zA’6By/, i.e., (a) there exist y}, x5, y4 such
that Ay}, 25 Byb, x5 = 0(y}) and (b) Yy : 2A'yy = 0(y1) € inp.
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(a) because A’ C A, there is some y{ such that zA’y] and there is some y{ such that y; C y{ and x Ay .
Thus 0(y}) € ing and by C-input-closure of B we can conclude, because 0(y]) C 6(y{), that there exists y)
such that 0(y})By).

(b) like part (a) the same can be shown for any y; such that zA’y;.

Thus, z € ina/gp, which proves the first requirement of refinement A'0B C A0B.

(2) For the second requirement, let 2 € ingpp and y such that 2A’60By. Then there exist y1, z2 and ys
such that xA'yy, 2 Bya, y = y1 Uys and 22 = 0(y1). Because A’ C A and = € iny, there is y] such that zAy]
and y; C y1, thus also 0(y1) C 6(y}). Because x € inagp, 0(y}) € inp and there exists y5 with 6(y;)By,. By
C-monotonicity of B, there exists such a y) for which yo C y5. Thus, with ¢’ = y] Uys, ©A0By’ and y C y'.

(IT) Let B’ C B. We need to show that A0B" C A0B. (1) Let « € inggp. Then there exist y1, x2 and ys
such that zAy;, xoBya, 2 = 0(y1) and Vy : tAy = 6(y) € inp. Because B’ C B, ing C inp/. Therefore
0(y) € inp implies O(y) € ing/, and Vy : zAy = O(y) € inp/ also holds. Thus z € inagp.

(2) Let € ingpp and y such that xA0B’y. Then there exist y;, z2 and y2 such that Ay, x2B'ys,
y =1y Uys and 2 = 0(y1). z2 € ing because x € inagp. Because B’ C B, there is some y4 such that zo By}
and yo C y5. With ¢ =y, Uyh, y Ty and zA0By’. O

Feedback preserves refinement under the following conditions:

Proposition 6. Let A be an inverse C-input-closed, CT-monotone and C-continuous actor, and let A’ be an
input-complete, <-monotone and <-continuous actor such that A’ C A. Then A'(p =q) C A(p = q).

Proof. Requirement (1) of refinement A’(p = q¢) C A(p = q) follows from the fact that A’(p = ¢) is input-
complete, which follows from Proposition 1.

Requirement (2): Let z T p € ingp—q) and gy’ such that (z T p,y’) € A'(p = ¢q). Then zA'y" and
x(p) =v'(¢q). From A’ C A, there exists y such that x Ay and y’ C y, thus also z(p) C y(q). However, we do
not necessarily have x(p) = y(q), hence, (z T p,y) is not necessarily a behavior of A(p = q). Nevertheless, we
show how we can construct such a behavior. Let o = z[p — y(q)]. Then 2 C zy. By C-monotonicity and
inverse C-input-closure of A, there exists yo such that xgAyp and y C yo. Let for k > 0, zp41 = zk[p — yx(q)]
and hence z; T xpy1, and let yr41 be chosen such that xx41Ayks+1 and yx C yrs1. Then for any k > 0,
x Ca, and ¥y C y C y,. By Lemma 3 and C-continuity of A, 2" = | |-{zx} and y" = | |-{vr}, 2" Ay",
" Tp=x1p 9y Ty and z"(p) =y (q). N - O

It is worth noting that Lemma 5 can be used to ensure some of the preconditions of Propositions 5 and 6.
For instance, the C-input-closure requirement on B in Proposition 5 can be ensured by showing that B is
<-input-closed and inverse =<-input-closed, C-monotonicity can be ensured by inverse <-monotonicity and
<-monotonicity, C-continuity can be ensured by <-continuity, and so on.

Example 10. Consider actors A = ({p},{q}, Ra) and A’ = ({p},{q}, Ra’) with input-output relations

Ra ={(z,y) | (vn:y(q)(n) = z(p)(n) + 2)V
(¥(@)(0) =0AVn :y(g)(n+1) = x(p)(n))}, and
Rar ={(z,y) [ y(q)(0) =0AVn :y(g)(n+ 1) = 2(p)(n) + 1}

Both A and A’ are input-complete, <-monotone in both directions, <-continuous and <-monotone in both
directions. A is non-deterministic but A’ is deterministic. A’ refines A because the unique output sequence
of A’ can be matched with the (later) output sequence of A produced by the first disjunct.

If we connect A in feedback, we get A(p = q) with a single (oulput) port q, and producing either the
empty sequence y(q) = € or the zero sequence y(q)(n) = 0 for alln. A’ in feedback produces a single sequence
¥y (q)(n) = n. Any sequence refines e, therefore, A'(p =q) E A(p = q).

It is interesting to see how the fixed-point iteration used in the proof of Proposition 6 evolves. The behavior
(z,y") of A" leading to the unique feedback behavior is x(p)(n) = y'(¢)(n) =n. A’ C A implies that A has a
behavior (x,y) such that y' T y, which can only be y(q)(n) = n + 2. Putting that in the fized-point iteration
we get that Tr11(p)(n) = yr(p)(n) = n+ k + 2. Both chains of event sequences have € as their least upper
bound: indeed, € is the only behavior of A(p = q) which is refined by y'.
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Figure 5: Feedback does not preserve refinement without C-monotonicity.

The following example illustrates why C-monotonicity is needed for refinement to be preserved by feed-
back (Proposition 6), even when the actors are input-complete, deterministic and <-continuous.

Example 11. Figure 5 depicts two actors A’ and A with a single input port p and a single output port
q such that A’ T A. The graphs shown to the right of the actors display two pairs of sets of event traces
on {p,q}, related by A and A’, respectively. One pair is drawn by circles and the other by squares. A line
between events indicates a dependency, i.e., the output event is present iff the input event is present. We use
these event sequences for illustration. A and A’ are input-complete and their complete behavior is defined as
follows. A maps any T such that 1-€¢ X7 to 2-4-¢; any T such that 2-€ <7 to 2-3-¢€; and every other T
to2-e. A" maps any T such that 1-e X7 to1-4-¢; any 7 such that 2-€¢ <7 to 1-3-¢; and every other T
to 1-€. Observe that A is not C-monotone: indeed, 1 - ¢ < 2-¢, thus also1-e C2-¢, but2-4-¢ £2-3-¢,
and because the two sequences have same length, 2-4-¢ £ 2-3 €. It can be checked that A’ € A. But when
connected in feedback, A'(p = q) £ A(p = q): indeed, A(p =q) ={2-3-€} and A'(p=¢q) ={1-4-€}, but
1-4-¢e£2-3-¢.

Proposition 7. Refinement is preserved by hiding.

Proof. Let A’ C A , @ the output ports of A and Q" C (. Then we need to show that A\Q' C A\Q'.
(1) Tt is easy to see that ing o C ingngr. (2) Let © € ing and y such that v A"\Q"y. Then there exists y'
such that y = ¢’ 1 Q" and zA’y’. By refinement of A’, there exists 4" such that v’ C 3" and zAy”. Now

yCy"1Q and zA\Q'(v" 1 Q). O

7 Performance Metrics

We often care about the performance of our systems in terms of specific metrics such as throughput or
latency [8, 39, 31, 19]. In this section we show that our notion of refinement is strong enough to provide
guarantees on performance under the refinement process. Throughout this section, we assume that 7 = R=9.

We begin by defining throughput for an infinite event sequence 7. A first attempt is to define throughput
as the limit behavior of the average number of tokens appearing in the sequence per unit of time: T'(7) =
lim,, oo % By the usual definition of the limit, it exists and is equal to T if

n
7(n)
But because this limit may not always exist for a given 7, and because among all possible behaviors of an

actor, there may be some for which the limit does not exist, we consider instead throughput bounds, which
are more robust against such effects.

Ve>0:dK >0:Vn>K:T—¢e< <T+e.

Definition 15 (Event sequence throughput bounds). Given infinite event sequence 7, its lower bound on
throughput is

T"(r) =sup{T € R=° | 3K > 0:Yn > K :n > 7(n) - T}
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and its upper bound on throughput is
T(r) =inf{T e RZ° |IK >0:Vn > K :n < 7(n)-T}
where by convention we take sup RZ% = inf ) = oo.

T'™(7) is the greatest lower bound on the asymptotic average throughput of 7, and similarly, 7%*(7) defines
the least upper bound. Multiplying both sides of the inequalities by 7(n) avoids division by zero problems.
Note that for a zeno sequence 7, where timestamps do not diverge to oo, i.e., 3t € RZ :¥n € N: 7(n) < t,
we have T (7) = supR=? = oo and T"(7) = inf ) = co. This holds in particular for the zero sequence 0
with 0(n) = 0 for all n.

Proposition 8. For any two infinite event sequences 7 and 7o, if Ty T o, then TY(11) > T'(7) and
Tub(Tl) Z TUb(TQ).

Proof. Both 7 and 75 are infinite, thus, by Lemma 4, 71 C 7o reduces to 71 < 79. Thus for any n,
71(n) < 73(n), and the result follows by the fact that sup is monotone w.r.t. C and inf is monotone w.r.t.
D. O

We next define the throughput bound for an actor A. An actor may have multiple output ports with
generally different throughputs. For a given port, the throughput at that port generally depends on the input
trace as well as on non-deterministic choices of the actor. We therefore consider the worst-case scenario.

Definition 16 (Actor throughput lower bound). For an actor A with input ports P and output ports Q,
and given some specific output port ¢ € Q and input trace x € Tr(P), we define the following lower bound
on throughput of A:

TY(A,z,q) = inf{T(7) | 3y : cAy AT = y(q)}.

We can then define the throughput at all output ports simultaneously as a vector indexed by output ports:

le(A,$> _ (le(Aaxanqu .

We can similarly define upper bounds T**(A,x,q) and T* (A, x).

For example, for the actor SPEC of Section 2, which has no inputs and a unique output port, we have
T"(SPEC) = T (50 4+ 7/44.1) = sup{T € R=% | 3K > 0:Vn > K :n > (50 +7/44.1)T} =sup{T € R=° | T <
44.1} = 44.1.

For two actors A and B with the same sets of input and output ports P and @, respectively, we shall
write T (A, z) < T'(B,z) to mean T'(A,z,q) < T'(B,x,q) for all ¢ € Q. This notation is used in
Proposition 10 below.

Example 12. Consider the constant and variable delay actors Ay and Aq, 4, from Ezxample 2. Both are
input-complete and have a single input port p and a single output port q. Suppose d,d;,ds € RZ0 such that
d >0 and dy > dy > 0. Let x be the input event trace defined by x(p)(n) = n, for alln € N. Then there is a
single output event trace y such that xAgy, and y(q)(n) = n+d, for alln € N. As expected, T"*(Ag,z,q) =
T%(y(q)) = T (Ag, x,q) = T*(y(q)) = 1. Similarly, T (A, a1, 9) = T (Ajgy 4], 2, q) = 1.

We next turn to latency. Different definitions are possible (e.g., see [31, 19, 43]). We define latency as
the smallest upper bound on observed time differences between related input and output events. The pairs
of events that we want to relate are explicitly specified as follows:

Definition 17. An input-output event specification (IOES) for a set P of input ports and a set Q) of output
ports is a relation € C 2P>N x 2@xN & s called valid for (z,y) € Tr(P) x Tr(Q) iff for every (Ep, Eq) € &,
if z(p)(m) # oo for every (p,m) € Ep, then y(¢q)(n) # oo for every (¢,n) € Eqg. & is called valid for an
actor A = (P,Q, Ra) iff it is valid for every (x,y) € Ra.
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A pair (Ep, Eg) € € says that we want to measure the maximum latency between an input event in Ep
and an output event in Fg, provided all events in Ep have arrived. See Example 13, given below, for an
illustration.

Definition 18 (Trace latency upper bound). Let € be a valid IOES for (x,y) € Tr(P) x Tr(Q). We define:
Dg(xﬁl/) :Sup{y(q)(n) - x(p)(m) ‘ (EP7EQ) €& EpC dom(m), (p,m) € Ep,(¢;n) € EQ}
where by convention sup @ = 0 and dom(x) denotes the set of all pairs (p,n) such that x(p)(n) # oo.

DE(x,y) is the largest among all delays between an input and an output event that occur in x and y
and are related by &, provided all other events in the same input group are also in . Notice that, by the
assumption of validity of £ for (z,y), Ep C dom(z) implies Eqg C dom(y), for every (Ep, Eg) € £.

Example 13. Consider a deterministic actor A with two input ports p1,pe and a single output port q.
Suppose A consumes one token from each input port, and for every such pair, produces a token at q, after
some constant delay, say d € RZ%. Let x1 and x5 be two input event traces, with x1 = {(p1,2-€), (p2,4-€)} and
xo = {(p1,2-5-€), (p2,4-€)}. For both x1 and x2, A produces the same output event trace y = {(q, (4+d)-€)}.
This is because, in x2, A waits for a second input to arrive at py before it can produce a second output. To
measure the latency of A, we can define £ to be the set

&€ ={{(pr,n), (p2,m)},{(g;n)}) | n € N}

This makes € a valid IOES for x1,vy, as well as for x2,y, and gives us D (x1,1y) = D (29,y) = d, as is to
be expected.

Keeping the reference input trace fixed, refinement of output traces is guaranteed to not worsen latency:

Proposition 9. Let z, y; and y2 be event traces such that yy C yo. Suppose £ is valid for x and yo. Then
& is wvalid for x and y; and D¢ (z,y1) < D (x,ys).

Proof. (i) y1 C yo implies dom(y;1) 2 dom(yz), i.e., y1 provides at least as many output events as y,. Thus,
if £ is valid for z and yo then it is also valid for x and y;. (ii) y1 C yo implies y1(¢)(n) < y2(q)(n),
therefore, D¢ (x,y;) = sup{y1(¢q)(n) — z(p)(m) | (Ep, Eq) € &, Ep C dom(x), (p,m) € Ep,(q,n) € Eq} <
sup{y2(q)(n) — z(p)(m) | (Ep, Eq) € &, Ep C dom(x), (p,m) € Ep, (q.n) € Eq} = D*(z,y2). O

Definition 19 (Actor latency upper bound). An IOES & is valid for an actor A iff € is valid for every
(z,y) such that xAy. For a valid £, the worst-case latency of A on input event trace x is

Df(A,z) = sup {D*(z,y)}.

y s.t. cAy

The worst-case latency of A over all input traces is

D¥f(A) = sup {Df(A,z)}.

xr€iny

Example 14. Consider the variable delay actor Ag, a4, from Example 2. A suitable IOES for its latency
would be £ = {({(p,n)},{(q,n)}) | n € N}. & is valid for A, 4, and D (Aq, 4], ) = da, for any non-empty
mput event trace x.

The following states the main preservation results for performance bounds under refinement:

Proposition 10. Let B T A and € be a valid IOES for A. Then for any x € ing, T(B,x) > T'"(A, )
and D*(B,x) < D¥(A,x).

Proof. For any xBy, there is some 3’ s.t. Ay’ and y C 3’ and for any p, y(p) C o/'(p) and T (y/(p)) <
T®(y(p)). Therefore, the infimum for A can not be larger than the infimum for B. Similar argument for
latency. O
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8 Consumption of Tokens and Buffer Capacities

On a queue between two dataflow actors, tokens are buffered until they are consumed. An interesting question
is what is the maximum number of buffered tokens on each queue. Although our formalism does not explicitly
model events representing token consumption, we can easily capture this aspect of behavior, as follows. We
add for a given input port p of an actor A, a corresponding output consumption port p’. The events on p’
represent the moments when the tokens arriving at p are actually consumed. Since the consumption of a
token cannot happen earlier than its production, the following must hold: Vz,y : xAy = z(p) C y(p).

Once we have such an actor, we can define the number of tokens pending in the buffer of input port p at
some given time ¢:

B(Aaxa Y,p, t) = (p)(t) - y(p/)(t)

where, for an event sequence 7, 7(t) is the total number of events occurring in 7 up to, and including, time
t:

7(t) =sup{n+1|7(n) < t}.

We call such a function an arrival function, because it is identical to the arrival functions in NC [8]. Then
the buffer capacity required by actor A at input port p for an input trace x is:

B(A,z,p) = sup sup {B(A4,z,y,p,t)}.
y:xAy teT

Using this modeling construction with output consumption ports, we can also capture back pressure
behavior, i.e., the slowing-down of a producer A due to lack of space in the input buffer of the consumer B.
To do this, the output consumption port of B can be used as an input to A, expressing the dependency on
available buffer space. If desired, an extra actor of type I, can be inserted in the feedback from B to A, to
model a fixed buffer capacity. Note that this is exactly what the right-to-left edges in the models in Figure 1
represent.

When output consumption ports are present, the refinement constraint A’ C A means that actor A" must
not consume an input later than A would. Indeed, when there are dependencies by other actors on the token
consumption, then these actors must not be delayed by A’ more than they would be delayed by A. The
upcoming proposition 11 states that our framework has this property. First we need two lemmas.

Lemma 6. Let 7 and « be a event sequence and its corresponding arrival function respectively. Then
T(n) >t<alt) <n+1.

Proof. (=) a(t) = sup{k + 1| 7(k) < t}. Since 7(n) > t, the condition 7(k) < ¢ implies by monotonicity
of 7, that k < n and hence that a(t) < n+1. (<) 7(n) = inf{u | n+ 1 < a(u)}. Since a(t) < n + 1,
n + 1 < «a(u) implies, by monotonicity and left-continuity of « that u > ¢ + d for some d > 0 and thus
T(n) > t. O

Lemma 7. Let 71 and 75 be two event sequences. Then

71 C 7o @VteR:rE(t) Sﬁ(t)
Proof. Lemma 6 gives us 71(n) >t < 71(t) <n+1and 7o(n) <t < m(t) > n+ 1. This gives 2(n) <t <
71(n) © m(t) > n+1 > 7 (¢t) which implies 2(n) < 7 (n) < m(t) > 71(t). Therefore, 11 (n) < m(n) <
T1 (t) 2 Tg(t . D

~—

Proposition 11. Let actors A and A’ be such that A’ T A. Let p be an input port of these actors, with a
corresponding output consumption port p’'. Then

Vo €ing : B(A,2,p) < B(4,z,p).
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Proof. AAC A = Va €iny,Vy : 2A’y = Jy:2Ay Ay Cy. By Lemma 7, ¢/ (p') C y(p') < ¢'(p’) >
y(p'). Let sup,cr {2(p)(t) — ' (p')(t)} equal B(A’,x, p), then as Iy : x Ay Ay (p') = y(p'), supier {z(p)(t) —
y(@)(t)} > B(A',2,p). O

This shows that it is sufficient to do input buffer analysis for an abstract consumer and the buffer sizes
are guaranteed to be sufficient also for refinements of that consumer. Note, however, that refinement of the
producer to a port p may increase the required capacity for p, since the input trace x may change.

p 2
[ =
p— P 2
0 2 2 2 1 0 0 2 3 1 2 0
buffer buffer
r : o o r : [
v o0 0 o v s ¢
q [ ] : : q i ;
— T T T T T T —T T T —
0 1 2 3 4 6 7 8 time 0 1 2 3 4 5 6 7 8 time

Figure 6: Actors of Figure 4 with added output ports p’ modeling token consumptions at input ports p.

Example 15. Figure 6 revisits Example 8. It shows an SDF actor A and a CSDF actor A’ that refines A.
Output consumption ports p' are added and example traces are shown at the bottom of the figure. The buffer
sizes B(A,x,y,p,t) and B(A',z,y,p,t) are shown at the top of these traces, for different times t. Since the
actors are working on the input data they are consuming, the space they are occupying is released sometime
during the firing. The actual consumption of tokens and hence the release of the space is commonly modeled
conservatively to occur at the end of the firing. It is easy to verify that the output event sequences of A’ at
ports p' and q refine the corresponding sequences of A.

9 Finite Representations and Algorithms

So far, our treatment has been semantical, regarding actors as sets of input-output event traces. In this
section, we consider syntactic, finite representations. We show that the semantics commonly associated
with these representations can be embedded naturally in our theory. We also provide algorithms to check
refinement and compute compositions and performance metrics on such representations. Our intention in
this section is not to be complete, but rather to give examples of how our theory can be instantiated and
automated.

9.1 Synchronous Data Flow

We have informally used timed SDF actors in previous examples. In this section we formally define them.
Typically, in timed SDF models the time domain is the non-negative reals or integers. In the rest of this
subsection, we therefore assume that 7 = R2% or 7 = N.

Definition 20 (SDF actors). An actor A = (P,@Q, Ra) is a homogeneous SDF actor with firing duration
deT, iff

:y(g)(n) = maxx(p)(n) + d}.

Ra={(z,y) [ Vg € Q: [y(g)] = min|z(p)| Avn < |y(g) ma

That is, the n-th firing of A starts as soon as the n-th token has arrived on every input. The firing takes
d time units, after which a single output token is produced on each output. A is an SDF actor with token
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transfer quanta r : P U@ — N and firing duration d € 7 iff

Ra = {(2,9) | Ve € Q:ly(g)l = r(¢) - min (lz(p)| +7(p))

A Vn < : n)=d-+max max n+r -r(p)+m

)] (@) = d-+ max | max a(p)((n+ (@) (o) + m))

where + denotes the quotient of the integer division. Because of monotonicity of event traces, the above is
equivalent to:

Ry = {(@y) Vg€ Q:ly(q)l = r(q) - min (lz(p)| = 7(p))

A Vi < ly(q)| : y(q)(n) = d + maxa(p)((n+7(q) +1) - v(p) — 1)}

Homogeneous SDF actors are thus SDF actors that have all quanta equal to 1.
SDF actors are deterministic and have constant delays d. In SDF literature they are often implicitly
understood to abstract behaviours with varying (non-deterministic) execution times in a conservative way.

Example 16. Consider the SDF actor A shown in Figure 4. A has an input port p (quantum 2) and an
output port q (quantum 3). Its firing duration is 5. An example input-output event trace of A is shown
below. The horizontal axis represents discrete time T = N. FEach bullet represents an event and multiple
events happening at the same time are stacked on top of each other.The firings of A start at times 2, 4 and
5 and overlap in time. Note that the 7-th input token does not lead to any output.

[ ]

p e e 0 0 0 o

10 11 12 13 time

8

~N+ o600
© - 060 e

0123456

CSDF actors like the one on the left of Figure 4 can be formalized similarly, taking into account that
they periodically cycle through firings with different quanta and firing durations.

An SDF graph represents the composition of multiple SDF actors, as in the examples shown in Figure 1.

Edges in SDF graphs are often annotated with initial tokens representing the fact that the initial state of
some queues is non-empty. To model this, we introduce an explicit actor:

Example 17. The initial token actor with k € N tokens is the actor I, = ({p}, {q}, R1,) such that (x,y) €
Ry, iff, forn € N:

y(@)(n) =01ifn <k, and y(q)(n) = z(p)(n — k) otherwise.

That is, I outputs k initial tokens at time 0, and then behaves as the identity function. I satisfies all
monotonicity and continuity properties and is temporally causal (not strictly).

An SDF graph cannot always be reduced to an equivalent SDF actor. Indeed, in general, the serial
or parallel composition of two SDF actors is not an SDF actor: see [41] for examples and details. In
Section 9.1.3, we show how the (max, +) representation of SDF graphs can be used for composition.

We will next show how to check refinement between two SDF actors, and more generally between two
SDF graphs.

9.1.1 Checking refinement on SDF actors

Let A; and As be two SDF actors. We want to check whether A1 C A,. Clearly, A; and As must have the
same sets of input and output ports, say P and . Suppose A; and A; have quanta functions r; and 7,
and firing durations d; and do, respectively.
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Figure 7: A (max, +) representation of a Synchronous Dataflow Graph

Proposition 12. Ay C A iff dy < dy and Vp € P,qg € Q,n < 71(p) - r2(p) : r1(¢) - (n + r1(p)) >
r2(q) - (n+72(p))-

To show this we first prove the following lemma.

Lemma 8. For positive integers g1, g2, p1, p2: Yn € N : g1(n = p1) > g2(n +p3) = Vk € N
pi(k+q1) +p1 <pa(k+q2) +p2

As a corollary, we have a much simpler sufficient condition.

Corollary 1. A1 C Ay if dy < da, and ¥p € P : r1(p) < ra(p) and Vg € Q : r1(q) > r2(q).

9.1.2 Representing SDF graphs by (max, +) matrices

In order to check refinement it is useful to derive a representation of an SDF graph by a (max, +) recursive
equation. The timing semantics of SDF is captured by a (max, +) linear equation.

For an SDF graph A with external input and output ports P and Q, 74 : PUQ — N denotes the repetition
vector of the graph, which assigns to every external port the relative rates at which tokens are consumed and
produced and specifies the pattern in which token dependencies are repeated [28]. For example, consider
the SDF graph APP shown in Figure 1. APP has a single external port, output port p. The repetition
vector assigns to p the number rapp(p) = 12 - 441 = 5292, which corresponds to the total number of tokens
produced at p by 12 firings of SRC. The 12 firings of SRC, together with 5 firings of DEC, form an iteration
of the SDF graph, in which the total numbers of tokens produced and consumed at every link are equal (e.g.,
5-1152 = 12 - 480 in this example).

Given an input event trace € Tr(P) (possibly containing finite event sequences), we transform it into an
infinite sequence wvg, v, ..., of (max, +) vectors. They are ordinary vectors, but used with (max, +) matrix-
vector algebra instead of the usual linear algebra. The double indexing with port p in P and event index n
with 0 < n < r(p) within an iteration is used instead of the simple vector index to simplify the notation.

v(p,n) = z(p)(k-r(p) +n) withpe P, k€N, 0 <n <r(p)

That is, vi(p) represents the timestamps of the k-th repetition of r(p) events occurring at port p. The
size of the vector vy is equal to the sum of the entries of the input ports in the repetition vector r. For
convenience of dealing with finite sequences, we include co into (max, +) algebra such that for any ¢ € R,
t+00 = 0o+t = co. Recall that co represents absence of events in our semantic framework. We also include
—oo which is the absorbing element of max-plus addition: for any ¢t € RU{oco, —o0}, t —00 = —co+1t = —o0.
We use —oo below to represent absence of a dependency in the SDF graph.

Conversely we can transform an infinite sequence wy of output (max,+) vectors back into an output
event trace:

y(q)(n) = Wy rr(q)(g,n mod r(q))

where mod is the remainder of integer division.
With this vector encoding of the event traces, the input-output relation of any SDF graph can be
characterized by a recursive (max, +) linear equation of the following form.

Tyl | i)
el
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The vectors 25 capture the internal state of the SDF graph. The size of the vector 7 is equal to the number
of initial tokens in the SDF graph. Typically 29 = 0. The vectors vy and wy, capture the inputs and outputs,
respectively.

It is convenient to split the matrix M into four quadrants representing the mutual dependencies between
inputs, outputs and internal state.
i1 | [ MA MP i (1)
Wi o MC MD Vg

Example 18. The initial token actor with n tokens, I, is represented by a (n + 1) x (n + 1) matriz. It
consumes and produces one token per iteration. Since the first token consumed is the n + 1-st token to be
output, I, has a memory of n tokens, captured by a size n internal vector 1 and a size n initial vector
19 = 0. The vector shifts up in every iteration and the time stamp of the last token consumed is added at the
bottom, i.e., the memory is formed by vector iy of size n, for which ig1(m) =ig(m+1) for0<m <n-—1,
and ig41(n) = vi. The output is wy = 1(0).

—00 0 —00 —00 —0
-0 —0 0 —0 —00
—00 —00 —00 0 —00
I, = .
—0 -0 -0 —0 0
| O —00 —00 —00 —00 |

For instance, for n =1, we have
I — —00 0
te 0 |-
which corresponds to the following system of (max, +) equations:
Thy1 = U
wy = i = Vg1

A homogeneous SDF actor with firing duration d is represented by a 1 X 1 matriz A = [d] and an empty
initial vector, because it is memoryless and the output event is directly determined from the input event.

Example 19. Consider the SDF graphs of Figure 9. The behavior of the top graph in Figure 9 is captured
by the following (max, +) equation:

11 k1 7T —oof| 7 7 i1,k
'L.Q’k;Jrl _ 7 —00 7 7 iQTk
Y2k T | —0 3 | —o0 —o Tk
Y2k+1 —00 3 | -0 —00 Tok+1
corresponding to the following system of (max,+) equations:
ikr1 = dopp1 = max{iy, Tog, Topr1) + 7

Yok Yokl = G2k +3

Hence, the matriz representation of the top graph of Figure 9 is:

7 —00 7 7
7 —00 7 7
—00 3 -0 —00
—00 3 —00 —00
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The lower SDF graph of Figure 9, which has an additional edge which may model a finite buffer capacity, is
represented by the matrix:

7 —00 7 7 7
7 —00 7 7 7
—00 3 —00 | —00 —00
—00 3 —00 | —00  —00
—00 3 —00 | —00  —00

9.1.3 Computing compositions of SDF graphs

We can compute the parallel composition of SDF graphs based on their matrix representation. Let A; and
Ay be represented by matrices

WM oME] My My
I Vi R BV Vi

and initial vectors 2; and is. Then their parallel composition A;||As is represented by the matrix

M{ —oco | MP -0
—00 M3 | 00 MZ
M{ —oo [ MP —
—00 MY§ | —00 MP

and has an initial vector given by the concatenation of ¢, and %,.
The serial composition A10As is represented by the matrix

M | MP
MZM{ Mg | MEMP
MPM{ MY [ MPMP

Also in this case, the initial vectors are concatenated.

Note that the (max, +) representation abstracts from the port names and 6 merely defines a permutation
of the vector indices. For the above matrix, it is assumed that the corresponding permutation is the identity
function. For other 6, the result is obtained by appropriate permutation of the rows and columns of the
submatrices A; and A, respectively.

1y
Upkl—»l M Wy, k
/ /
Vg wy,

Figure 8: Feedback on (max, +) representations of SDF graphs.

Feedback in SDF graphs is achieved by connecting outputs to inputs with identical quanta in one graph
iteration and without direct dependencies. We illustrate the feedback construction in Figure 8. To create
feedback from input port p to output port ¢, we split the inputs v and outputs w up in two parts, v, and v’
and w, and w’ respectively where v,, contains the elements of vector v with events of port p and w, contains
the elements of vector w with events of port q. We feed w, back to v,. We assume that those inputs and
outputs that are used for the feedback are aligned to the same rows in the matrix. We can always align them

22



by appropriate permutation of the rows and columns of the matrix. This gives us a matrix equation of the
following form:

. A B B .
That MA | ME M ik
wer | = | MY Mgl MgQ Vp ke
whe M§ | M2, MP, v},

The center block, ME 1, in the matrix must contain only —oo to ensure there are no direct dependencies
from p to g. Now we can solve the equation and eliminate v, from the input vector using the constraint
Vp 1k = Wq r (for brevity and clarity we use the (max, +) notation & of the maximum operator):

Tpt1 [ MA | MP ME [
Wek | = Mlc —00 MfQ Vp i
wy, L M2C M£1 M£2 1L v}
[ MA | ME MP T 15
= | My | —0c MP, Mi, ® MPyv;,
L Mg M2D,1 Mgz 1L vy,
[ M4 o MPMY | MF o MPMP, :
= Mlc M£2 { z]/C }
| M§ e MP,M{ | MP, e MP,MP, | LYk

9.1.4 Checking refinement on SDF graphs

From the recursive Equation (1), we can derive an explicit function from the input vectors to the output
vectors:

wy, = M%;, & MPuy,
= MMAi;_1 @ MPy,_1) @ MP,
=M M4, @ M MPBu;,_, & MPu,
= MCMA(MAik72 o MPu, o) @ MMpvy,_1 ® MPu,
= MCMAQik72 o MM MPv;,_y @ M MPv,_; & MPu,

k—1
= MM, & MPo, & MC D MA"MP oy, (2)
n=0

Note that for an SDF graph without open inputs, this reduces to:
wy, = MCMA 4, (3)

For equal sized matrixes M; and My with K rows and L columns, we write M1 < My iff forall0 < k < K
and 0 <1< L, M (k,1) < My(k,1).

We next show how to check refinement between two SDF graphs. We assume that the two graphs have
consistent repetition vectors, i.e., vectors that have a common multiple and the same ratios between all
input and output port pairs." Two such graphs generally have submatrices M of different size. In order to
compare the graphs we need matrices for which M is of equal size. To achieve this, we can aggregate the
appropriate number of iterations of the graph into a single vector, according to the common hyper period of
the graphs. As an example, we show how to combine two iterations into one: combining

Tok+1 | _ M4 | MB o}, and lok+2 | _ M4 | MB Lok 41
Wap MY | M Vo, Wak+1 M~ | M Vok41

I Notice that for atomic SDF actors we can check refinement also in the case where the repetition vectors (in this case,
quanta functions) are not consistent, as stated in Proposition 12.
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gives:

. 2 .
ik M4 | MAMP MP o,

wag = M MP —00 U2k
Wok+1 MfM4 | MCMEB MP V2k+1

Note that the size of the internal state vector remains the same.

Lemma 9. Let M and N be two matriz representations of SDF graphs A and B with the same input and
output ports respectively and with the same port iteration quanta. B T A if and only if (i) NP < MP, (ii)

NENA'NE < MOMA*MPE for all k > 0 and (iii) NCNA i o < MOMA ipg o for all n.

Proof. Note that even if M and N have differently sized internal states, the sizes of the matrices we are
comparing are identical. The ‘if’ direction is trivial. For the ‘only if’ direction, consider the following.
If NP ¢ MP, let NP(k,1) > MP(k,l). Let k correspond to event number m on output port g and I
correspond to event number n on input port p. If we consider input event trace x where x(r)(i) = 0 for
all 7 # p and all ¢ and x(p)(i) = 0 for all i < n and x(p)(¢) = ¢ for all ¢« > n where ¢ is a constant.
yal(q)(m) = (M%in0)(k) © maxo<icr(p) MP (k, s + i) + z(p)(i), where s is the starting index of the tokens
of port p in the vector, so that s +n = I. yg(q)(m) = (N%in)(k) ® maxo<icr(p) NP (k, s + i) + 2(p)(i).
For sufficiently large ¢, ya(q)(m) = maxo<icp(p) MP(k,s + i) + z(p)(i) = MaX,<i<r(p) MP (ks + i) +t
and yp(q)(m) = maxo<;cpnp) NP (ks + i) + 2(p)(i) = max,<jcp@p) NP(k,s + i) + t. For SDF graphs,
ya(q)(m) = MP(k,s +n) +t and yp(q)(m) = NP (k, s +n) + t. Hence, ya(q)(m) < yp(g)(m) and because
SDF actors are deterministic, B does not refine A. The proof for the other terms is similar, but even more
tedious. O

The conditions of Lemma 9 can be checked based on the fact that sequences of the form M* in (max, +)
algebra are known to become ultimately periodic, i.e., there exist some K and N such that for all k > K,
MF = MF=N + Ny where Ay is the eigenvalue of the matrix M.

Proposition 13. The refinement relation between SDF graphs with consistent quanta is decidable.

< Tok, Tok41 > < Y2k Y2k+1 >

< Tok, Tok+1 > < Y2k, Y2k+1 >

Figure 9: Refinement of an SDF graph to bound the size of a buffer.

Example 20. Figure 9 shows two SDF graphs. Both graphs have one external input port and one external
output port. Notation < xok,Topy1 > is used for the subsequence of the time stamps of two successive tokens
consumed at the external input of the graph, and similarly for < yog,yor+1 > at the output. Notations ‘7’
and ‘3’ denote the firing durations of the corresponding actors. The bottom graph is identical to the top graph
except that it has an additional, back-pressure edge.
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Recall from Example 19 that the top graph can be represented by the following (max,+) equation:

il,k—i—l 7 —0o0 7 7 ’L'17k

i27]€+1 _ 7 —00 7 7 i27k
Yok Tl —c0 3 | —o0 —o0 Tok

Yokt 1 —o00 3 | -0 —o© Tok41

It follows from the above that for all k, i1 = i2 1. Therefore, the equation can be simplified to:

112, k41 112,k
Y2k = Tk
Y2k+1 T2k+1

The lower SDF graph of Figure 9 can be represented by the following equation:

J12,k+1 T 7 7 J12.k
Jsk+1 | _ | 3 —o0|—00 —00 Ja.k

Yok 3 —0 | —00 —00 Tof
Yok+1 3 —o00 | —00 —00 Tok+1

We have

T 7 7 7
3 —o0 | —00 —00
3 —o0 | —o0 —00
3 —0 | —00 —00

and N =

We wish to apply Lemma 9. We can immediately see that MP = NP . We neat compute:

MOMA i, = MC [ 7 1% 4

and similarly for N:

k
k. 7 7 .
NYN4"j, = N¢ { 3 ] Jo

—0

= NC |: 7k7ﬁ A 7k7§ 4 :| jO (assuming fo’r‘ the moment k > 2)
3 —o0 7k 7k

13 —ooH7k—4 7k—4}]°

[ Tk+3 Tk+3 0
| Tk+3 Tk+3 ][0

[ 7k +3
| Tk+3

It is easy to check separately that the final result also holds for k = 0,1, thus it holds for all k € N, which
shows MCMA 5, = NCNA"jy for all k € N.
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Finally, we compute:

C Ak B_-7k+3 B
MTMTM __7k+3}M
[ 7k+3
EsHitas
[ Tk+10 Tk+10
T | Tk+10 Tk+10

and similarly for N:
[ Tk+3 Tk+3
Tk+3 Tk+3

} B
Tk +3 7k+3}
0

NONANE = N
77
—0 —0

Tk+3 Tk+3

Thk+10 Tk+1
| Tk+10 Tk +10

therefore MCMA MPB = NCNANB for all k € N. Thus, for the two SDF graphs the corresponding terms
used in the conditions of Lemma 9 are equal, and hence the two SDF graphs refine each other and are in fact
equivalent. Note that in this example the behavior of the terms becomes periodic with k right from the start.

9.1.5 Computing throughput bounds on SDF graphs

There are well known methods for computing throughput of an SDF graph. We will show here that these
methods can be also used to compute our notions of throughput bounds. SDF throughput is typically
computed for closed graphs without any inputs, as sources are usually modeled as part of the graph. Common
(equivalent) techniques for calculating throughput are based on Maximum Cycle Ratio analysis (in timed
synchronous dataflow literature sometimes incorrectly called Maximum Cycle Mean analysis) of an equivalent
homogeneous SDF graph [36] on an explicit state-space exploration of the operational semantics or on a
(max, +) formulation of the semantics.

We have seen in Equation 3 that for an SDF graph without open inputs, the following equation calculates
the output trace.

wy, = MOMA 4,

It is known [4] that the sequence of vectors wy, becomes eventually periodic and that the average rate at
which all the entries in the vector grow, are determined by the eigenvector of the matrix M#. If the events
on output port ¢ are governed by eigenvalue A, then the throughput on that port is equal to r(g)/A.

We next examine SDF graphs which do have open inputs. Clearly, now the throughput on output
sequences depends on the throughput with which inputs are offered on the input ports. However, internal
dependencies within the SDF graph may result in the output throughput not being proportional to the
throughput at the inputs, but being constrained by the internal throughput limitation of the SDF graph.

Recall from Equation 2, that the general formula for the output sequence of vectors is as follows.

k—1
k.
wy, = MM i @ MPv, © MY (PHMA " MP vy,
n=0
Splitting the equation in terms of vectors into separate output sequences reveals that the outputs are defined
as the maximum of a set of event sequences. Let N be the size of the vectors vy and M the size of the
vectors wy.
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Introduce the infinite sequences wi, (k), vy (k), im(k) and Ay, n(k) for 0 < m < M and 0 < n < N,
defined as follows.

im (k) = in(m) = (MOM**4, ) (m)
MP (m,n) if k=0

hm,n(k) = hm,n(k) = { (MCMAk_lMB)(m’n) if k>0

Then we can rewrite Equation 2 as follows. (Using M(m, %) to denote the m-th row of matrix M.)

k-1
wp, (k) = (MCMAkiO) (m) ® (MD (m, *)vg & (MC@MAZMka11> (m)
1=0

=2

—1N-1
= i (k) & @) MP (m, n)vi(n) @(MC P (M) ( m7n)vk11(n)>
=0

n=0

I
®
=z 3
Ld

k—1
MP (m, n)v, (k) ® <@MCMA M?Z (m,n)v, (k-1 — l)))
1=0

()
(

In the last line, we recognize @ (max) and the (max, +) convolution operators on event sequences, defined
as follows.

ol
._.o

3

Definition 21. Let 71 and 12 be two event sequences. The sequence max(r1, ) (also written 7 ® T2) is the
event sequence such that max (7, 72)(n) = max(71(n), 2(n)). The (max, +)-convolution 71 ® 7o is the event
sequence such that 71 @ To(n) = maxo<i<n 71(k) + 12(n — k).

Using these operator, the equation becomes:

N-1
n=0

The throughput of the output sequences w,, is determined by a combination of max operations and
(max, +) convolutions of the internal sequences i,,, the impulse response sequences h,,, and the input
sequences v,. Let us investigate how our throughput definition behaves for these operations.

Lemma 10. 7% (max(7y,72)) = min(T" (1), T"(12)).

Proof. (i) Let T < T'™(7y) and T' < T'(73). There exist K; and Ky such that for all n > max(K;, Ks),
n > 7(n) - T and n > m»(n) - T and thus n > max(7y,72)(n) - T. And thus we may conclude that T' <
T®(max(ry,72)). (i) If T > T%(ry), then T > T (max(7y,72)), because max(ri,72)(n) > 71(n) for all n.
Similarly for 7' > T'(73). From (i) and (ii) together it follows that 7% (max (11, 72)) = min(T* (1), T%(72)).

O

Lemma 11. T%(1; ® 75) = min(T% (1), T (73)).

Proof. (i) Let T < T'(m) and T < T%(73) and let T’ be such that T < T’ < T®(r) and T < T" < T (72).
There exist K; such that for all n > K, n > 71(n)T’. Similarly, there exists Ky such that for all n > Ko,
n > 72(n)T’. This means that there exist A; and Ay such that n+ Ay > 7 (n)T" and n+ Ay > 72(n)T” for
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all n > 0. Then for any nand k <n, n+ A1+ As =k + A1+ (n— k) + Aoy > 71(k)T' + 12(n — k)T’ and if
welet A=A1+ Ay, n+A> (11 @ 12)(n)T'. Now,

n> (1 &

nT > (11 ® T

(
(

nT' > (11 @1
(

~— ~— ~— —

n> (1 &7

AT

n > (Tl & TQ)(”)T if n> ﬁ

From this result we may conclude that T < T (7 ® 7).
(i) Let w.lo.g. T > T'®(7). Then T > T®(7; ® 72), because 71 ® T2(n) > 71(n) for all n.
From (i) and (ii) together it follows that T'(7y ® 73) = min(T®(ry), T (72)). O

We observe that the throughput of the sequences 4,, and h,, , are determined by the eigenvalues of the
matrix M4 and are equal to 1/x if X is the unique eigenvalue of M4 [4]. On a strongly connected SDF graph,
M4 has a single eigenvalue and the throughput of each of these signals is the same.

Proposition 14. Let A be a strongly connected SDF graph with input ports P and output ports @@ represented
by the quadrant (max, +) matrices M4, MB, M® and MP. Let r: PUQ — N be the port iteration quanta
of A. Let x be an input trace of A. Then M4 has a unique eigenvalue, \, and

1 TW
T4, .0) = rla) - min§ i )
Proof. Follows directly from the characterization by Equation 4 and Lemmas 10 and 11. O

Example 21. Recall that the matrixz representation of the bottom graph of Figure 9 is

7 —00 7 7 7
7 —00 7 7 7
—00 3 -0 | —00  —00
—00 3 —00 | —00  —00
—00 3 —00 | —00  —00

It follows from the solution to the eigenvalue equation for the top-left block matrixz that A\ = 7:

7 —00 7 0 0
7 —00 7 0 =7+ 0
—00 3 —00 —4 —4

With r(x) = 2 and r(y) = 2, the throughput lower bound on y becomes according to Proposition 14:

T%(y) = 2 - min (; T“;(z)> — min <3,T”’(:z:)> .

9.1.6 Computing latency on SDF Graphs

Various methods for computing latency exist in the SDF literature [19, 31], differing in particular in how
the related input-output events are specified. Sometimes they are left implicit and derived from the data
dependencies defined by the SDF graph. Sometimes they are specified explicitly. It is natural to specify
the related input-output events in patterns which repeat with the periodic behavior of SDF iterations. In
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particular, an IOES can be captured by a set & € 2PXN « 9QxN_ Then, for an SDF graph with repetition
vector 7, the actual IOES associated with & = (Ep, Eq) is

& = {(Ep.EH) |k >0}, where
Ep = {(p.n+kr(p)|(p.,n) € Ep}
E§ = {(gn+kr(q)|(a.n) € Eq}

Latency can be computed by an exploration of the operational behavior of the SDF graph. This behavior
is deterministic and ultimately periodic, where a period spans one or more iterations of the graph. The
latency can be determined by exploring the behavior until it becomes periodic and observing the latency of
the events. The latency values after that are identical because of the periodic behavior.

9.1.7 Computing buffer capacities on SDF graphs

We have seen in Proposition 14 that outputs of an SDF graph may have a limited throughput, independent
of the throughput on its input event sequences. This also applies to the outputs modeling the consumption
of data from its inputs; it can process its input data with a limited speed. As a consequence, if the input is
offered with a higher throughput, then the required capacity of the input buffer is unbounded, i.e., cc.

As a first check, therefore, it is necessary to determine the throughput of the input event sequence(s)
and the internal throughput of the consuming SDF graph. Focusing on a particular input port p, we
can determine the throughput 77 of the event sequence produced on p versus the throughput TP on the
consumption port p'. If TP > T ?" then the required capacity is unbounded, otherwise they must be equal,
because it is not possible to consume more than is produced. In case the throughput is equal, the maximal
buffer occupation can be determined from an exploration of the state-space of the operational semantics of
SDF, as is the underlying method for the exact SDF buffer size analysis of [37].

9.1.8 Time non-deterministic SDF

The formal semantics of SDF typically (as well as in our case) assumes constant firing durations. Often these
durations are (implicitly) understood to be worst-case firing durations of time non-deterministic actors in the
final implementation. Existing works, e.g., [46, 37], claim that event sequences derived with constant firing
durations are conservative (pessimistic) estimates of the final implementation with varying firing durations,
and similarly that performance metrics of the model with constant firing durations are conservative estimates
of these metrics in the final implementation. We address this relation formally within our framework, and
confirm this claim. Given the same port quanta, actors with a constant firing duration refine and are refined
by actors with a variable firing duration, as they have the same upper bound on their firing duration. This
implies that for instance max-plus algebra can be used to derive conservative event traces, throughput,
latency, and buffer requirements of actors in the final implementation.

9.2 Service Curves

In this section we study actors on 7 = RZ? defined by service curves and convolutions. Our study is
motivated by NC and RTC, however, we adopt a simpler setting (omitting resource modeling), merely
aiming at illustrating the main concepts and at drawing links. Moreover, while NC typically presents its
results for so-called fluid models (continuous data over continuous time) we focus on discrete behaviors over
continuous time.

In NC and RTC, event sequences are represented as arrival functions, i.e., left-continuous functions « :
R=% — N, where a(t) represents the cumulative total of events that have occurred up to (and including) time
t. We can go from a (non-zeno) event sequence 7 to its arrival function 7 defined by 7(¢) = sup{n+1 | 7(n) <
t} (as introduced in Section 8). By definition, sup () = 0, so that 7(¢) = 0 for ¢ < 7(0). Note that 7 is indeed
left-continuous. Conversely, an arrival function « defines an event sequence @(n) = inf{t | n+1 < «a(t)}. By
definition, inf } = oo, so that if n + 1 > «(t) for all ¢, then 7(n) = co and the n-th event never occurs.

29



Lemma 12. Let 7 be a non-zeno event sequence and let o be an arrival function. Then T =1 and & = o.

Proof.

T(n)=inf{t | n+1<7(t)}
=inf{t |n+1<sup{m+1|7(m) <t}}
= inf{t | n < sup{m | 7(m) < t}}
=inf{t|Im:n <m:7(m) <t}
=inf{t | 7(n) <t}

=7(n)

Qll
~
~
N

|

=sup{n+1|an) <t}
=sup{n+1|inf{u|n+1<a(u)} <t}
=sup{n | inf{u | n < a(u)} <t}
=sup{n|Ju:n<a(u):u<t}
=sup{n |n < at)}

= a(t)

O

Note that event sequences bear strong similarities to the pseudo-inverse functions of NC [8]. The duality
between the two descriptions is also known in the (max, +) work, for instance between dater and counter
descriptions [4].

Classes of arrival functions are usually characterized by means of arrival curves, i.e., functions F : RZ% —
N specifying a bound F'(d) on the number of discrete events arriving in any interval of length d. For instance,
a satisfies lower bound arrival curve F if for all t,d € RZ°, a(t+d)—a(t) > F(d). Similar bounding functions
could be defined for event sequences.

In NC and RTC, arrival curves are used as a representation of a set of arrival functions, namely those
arrival functions whose arrival curves are bounded by the given curve. The strong result of NC and RTC is
that just as services may operate on concrete arrival functions, they can operate on upper or lower bound
arrival curves and yield upper or lower bound curves characterizing the set of concrete outputs.

Common operations on arrival functions are convolutions. The (min, +) convolution operation on arrival
functions is defined as:

(1 ® ag)(t) = inf {a1(t —s) + aa(s)}
0<s<t

In terms of the equivalent event sequence model, the corresponding operation is a (max,+) convolution
(Definition 21):

(1 ®7m)(n) = Oglkagn{ﬁ(” — k) +1o(k)}

To show that this is indeed the equivalent operation, we show that the conversion = and the convolution
operations commute. For this, we first prove the following lemma.

Lemma 13. Let 71 and 15 be non-zeno event sequences and a1 and as the corresponding arrival functions.
Then

(1 ®7)(n) >te (a1 ®@a)(t) <n+1

30



Proof. (=) 1If (11®72)(n) > t, then by definition of the convolution, there exists | such that 71 (n—1)+72(l) > ¢.
Let [ be such, then there exists some s, 0 < s < ¢ such that 71(n —1) >t — s and 72(I) > s. By Lemma 6,
a1(t—s) <n—1and as(s) <I. Then ay(t — s) + aa(s) <n < n+1 and thus (01 ® az)(t) <n+1. (<) If
(a1 ® ag)(t) < n+ 1, then by definition of the convolution, there exists s such that «; (t — s) + aa(s) < n+1.
Let s be such, then there exists some [, 0 < [ < n such that a;y(t — s) <n —1 and as(s) <!. By Lemma 6,
Ti(n —1) >t —s and m2(l) > s. Then 7 (n—1)+ m2(I) >t and thus (7 @ 72)(n) > t. O

Lemma 14. Let oy and as be two arriwval functions. Then
) @ ag = a1 Qas.
Proof.

a1 @as(n) =inf{t | n+1 < (a1 ® ag)(t)}
=inf{t|t > (a1 ®az)(n)} {by Lemma 13}
= (a1 @ a3)(n)
O

The empty sequence € is the zero-element of convolution: 7 ® € = ¢ ® 7 = €. The zero sequence 0 is the
unit-element of convolution: T®0=0® 7 = 7.
Similarly, (min, +) deconvolution is defined as

a1 @ as(t) = Slslp{al(t +5) — az(s)}

and it similarly becomes in terms of event sequences:
71O 7o(n) = inf{r(n+k) —7o(k)}

Lemma 15. Convolution is commutative and associative.

Proof. (Similar to [8], Thm.3.1.5 for arrival functions.) Commutativity follows directly from the definition.
For associativity, let 7;, i = 1,2, 3 be event sequences.

(1 @ 72) ® 75)(n) = max {(r1 @ 72)(n — k) +75(k)}

0211;‘22{0 ggéiik{“(” —k—m)+m(m)}+73(k)}

k{ﬁ(n —k—m)+12(m)+73(k)}

{ri(n—k = (1 —Fk)) +7(l— k) + 73(k)}

max
0<k<n,0<m<n—

max
0<k<n,0<(I—k)<n—k
= max {n(n—10)+nl-k)+mk)}

0<k<I<n
= gz (nln =0+ g (= ) ()}
= 0121la<xn{7'1(n D)+ (re7)()}

= (n ® (e ®73))(N)

Convolution of event sequences is monotone in the earlier relation.

Lemma 16. Let 7, i = 1,2,3 be event sequences such that 71 < 7o, then 71 ® T3 < 75 ® 73 (a corresponding
property of arrival functions is called isotonicity in [8]).
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Figure 10: Event sequence (a) and arrival function (b) of input (i), actor service (ii) and their convolutions

(ii).
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Proof. (7'1 X Tg)(n) = maxogkgn{n(n — k) + T3(k)} < maxogkgn{Tg(n — k) + Tg(k)} =T ® 73. It is easy to
see that the lengths of both sequences are identical and equal to the length of the shortest 7;. O

Note that it is not necessarily true in the opposite direction. For instance, 1y ® € < 75 ® €, for any 7 and
T2.

A service curve characterizes the amount of service (work) an actor can perform in a given interval of
time, or conversely, the amount of time it takes to process a set of input events. Formally, a service curve
is a function 3 : N — R20 3(n) being the time to process n events. Processing n events should not take
more time than n times processing a single event. This property of a service curve is called subadditivity, a
straightforward adaptation of the definition of Boudec and Thiran [8]:

Definition 22. A service curve (3 is subadditive if for any n,m >0, B(n+m —1) < B(n—1)+ B(m —1).
Note that if § is subadditive then 3(n) < oo for all n if 3(0) < co.

Definition 23 (SC actors). A subadditive service curve 3 defines an input-complete, non-deterministic actor
C% = ({p}, {q}, Rcs), called an SC actor, and such that zCy iff y(q) < z(p) @ .

The intuition is as follows. ((n) is an upper bound on the time it takes the server to process n data items
assuming they are available for processing. An upper bound on the completion time for n output data items
is given by the worst case combination of the arrival time of data item n — k and the time it takes to process
the remaining k items. Note that, in the expression z(p) ® 3, even though z(p) and S are functions with
(almost) the same signature, they are objects with different meaning: z(p) is an event sequence, whereas 3
is a service curve.

In order to effectively use service curves, a finite representation is needed. Often piece-wise linear func-
tions or a finite set of discrete points are used (see http://www.mpa.ethz.ch/Rtctoolbox). With such
representations in hand, problems on SC actors can be reduced to problems on service curves. For instance,

CP = CP iff By = fo.
Proposition 15. Let 31 and 35 be two service curves, then By < (3 iff C%2 C CPr.

Proof. (only if) Both are input-complete, so incs, C ings,. Let 2CP2y, then y(q) < z(p) ® Bo. It suffices to
show that y(¢) < z(p) ® 81 and thus that z(p) ® B2 < z(p) ® B1, which follows directly from (x(p) ® B2)(n) =
maxo<k<n{z(p)(n — k) + f2(k)} < maxo<r<n{z(p)(n — k) + B1(k)} = (z(p) @ B2)(n). H

Serial composition of SC actors amounts to convolution of their service curves. This is similar to NC and
RTC where composition is also defined as convolution.

Proposition 16. Let C% be an SC actor with input port py and output port ¢ and C?2 an SC actor with
input port pa and output port qo, then with 0 the obvious mapping, CProCHP2 = CH &Pz,

Proof. We need to show that (i) if 2CP10CP2y, then 2C%1®P2y and (ii) vice versa. For (i), let zCP10CP2y,
then there exist y; and 2o such that zC%y; and x2,C%2y. Then y1(q1) < 2(p) ® 1 and y(q) < x2(p2) ® B2 and
22(p2) = y1(q1). Using Lemma 16 and associativity of convolution, y(q) < z2(p2) ® 2 < (z(p) ® f1) ® B2 =
z(p) ® (B ® B2) and thus xC/1®B2q,

(ii). 2CH®B2y. y(q) < 2(p) @ (B1 ® B2). Let y; be defined by y1(q1) = z(p) ® B1. Then clearly 2CPy;.
Moreover, y(q) < y1(q1) ® B2, because y(q) < z(p) ® f1 ® B2 and thus with z2(p2) = y1(q1), 22C72y. O

9.3 Discrete-Time Automata

A natural representation of actors is automata. Automata, in contrast with SDF actors, do not have C-
monotonicity and input-closure built-in, and such properties have to be explicitly verified when necessary.
There are many automata variants, over finite or infinite words, with various acceptance conditions, finite or
infinite-state,? and so on. We are not going to propose a single automaton-based model for actors. Instead

2 We do require finite representations, but a finite representation (e.g., a counter machine) can still represent an infinite-state
system.
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we will discuss some general ideas as well as some cases for which we have algorithms. We limit our discussion
to discrete-time automata (DTA) in the sense that time is counted by discrete transitions. DTA generate
actors over a discrete time domain, 7 = N. One could also consider timed automata [2] where 7 = R=Y.

One possible model is an automaton whose transitions are labeled with subsets of P U@, the set of input
or output ports. An example is shown in Figure 11. The state drawn with two circles is the accepting state.
In this implicit-tick model each transition corresponds to one time unit. If the transition is labeled by some
set of ports V C P U @, then an event at each port in V occurs at the corresponding instant in N. V' may
be empty, as in the self-loop transition of the automaton shown in the figure. In this case, no events occur
at that time instant.

0
' {p} p. [ ] p..
S S BT

| | | | | | | | | | | | |
{a}

I T T T T T T T I T T T T

accepted trace rejected trace

Figure 11: Finite-state automaton labeled with subsets of {p, ¢} (left) and two possible event traces (middle
and right). The automaton accepts the leftmost trace but not the rightmost one.

The implicit-tick model cannot capture event traces where more than one event occurs simultaneously at
the same port (and therefore an implicit-tick actor cannot be input-complete). One possibility is to dissociate
the elapse of time from transitions, by introducing a special label, t, denoting one time unit. Then, we can
use automata whose transitions are labeled with single ports or t, that is, whose alphabet is P U Q U {t}.
We call this the ezplicit-tick model. An example is shown in Figure 12. This automaton generates strictly
more event traces than the one in Figure 11.

°
D o o D o o
q e o o q o o
| | | | | | | | | | | | |
I T T T T T T T I T T T T
q
accepted trace accepted trace

Figure 12: Finite-state automaton labeled with elements of {p,q,t} (left) and two possible event traces
accepted by the automaton (middle and right).

A DTA M defines an actor A(M) = (P,Q, Raa)) as follows. Every (finite or infinite) accepting run
of M generates a (finite or infinite) word w in the language of M, denoted L(M). Every word w can be
mapped to a unique event trace pair Tr(w) € Tr(P) x Tr(Q), as illustrated in the figures above. Then,
R a(ary is the set of all event trace pairs generated by words in L(M), i.e., the set { Tr(w) | w € L(M)}, also
denoted Tr(L(M)).

An ITA (resp. ETA) is an implicit-tick (resp. explicit-tick) automaton on finite words. An ITBA
(resp. ETBA) is an implicit-tick (resp. explicit-tick) Biichi automaton. Implicit-tick DTA are (strictly) less

3 Note that automata in the implicit-tick model are essentially transducers [6] with input alphabet 2P and output alphabet
2Q. Every transition in such a transducer is labeled by a pair (P',Q") with P’ C P and Q' C Q. Often such pairs are denoted
P’'/Q’, a notation that the advantage of being explicit about inputs and outputs. In the automaton shown in Figure 11, for
instance, the labels {p} and {q} would be written as {p}/0 and 0/{q}, respectively. Label § would be written as 0/0.
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expressive than explicit-tick DTA and finite-word DTA are strictly less expressive than corresponding Biichi
versions:

Proposition 17. Every ITA (resp. ITBA) M can be transformed into an ETA (resp. ETBA) M’ such that
A(M) = A(M'"). Every ITA (resp. ETA) M can be transformed into an ITBA (resp. ETBA) M’ such that
A(M) = A(M").

Proof. For the first claim, irrespectively of whether M is an ITA or ITBA, a transition s Y9 o in M , with
P ={p1,p2,...,pn} C P and Q' ={q1,q2,....,qm} C @, can be transformed into a sequence of transitions

D1 P2 Pn q1 q2 qm t 7
§——=Tr] —= =Ty —— Tpyl —  —— Tpgm —— S

in M’, where rq, ..., 7 1m are new, non-accepting states (created for this transition).
For the second claim, if M is an ITA, we add a new state Sype, with a self-loop Syew N Snew- From

any accepting state s of M, we add a transition s LN Snew- We turn s into non-accepting and s,e,, into
accepting. The obtained ITBA M’ has a single accepting state, s,e,. This transformation ensures that
A(M) = A(M’) because Tr(w) = Tr(w - §«) for any finite word w.

For an ETA, the transformation is essentially the same, except that the new transitions are labeled with
t instead of (). O

Two distinct words w and w’ of an ITA M can result in the same event trace, for instance, if w’ = w- @7,
for different n > 1. To avoid technical complications related to this, we will assume that M is tick-closed,
that is, for any w € L(M), w-0* C L(M). An ETA M is tick-closed iff for any w € L(M), w-t* C L(M).
The ITA of Figure 11 and ETA of Figure 12 are tick-closed. Any ITA (ETA) M can be transformed to a
tick-closed ITA (ETA) M’ so that A(M) = A(M’). In the rest of this section we assume all ITA or ETA to
be tick-closed. We also assume that automata are finite-state, all their states are reachable from the initial
state, and there is no state that cannot reach an accepting state by a non-empty path.

Given actors represented by discrete-time automata, we are interested in answering various questions.

9.3.1 Checking equality

Given M and M’, is A(M) = A(M’')? TFor ITA, there is a bijection between infinite words and event
traces, that is, Vw,w’ € (2PY9)% 1w # w' <= Tr(w) # Tr(w'). (Note that Tr(w) may be finite, even
though w is infinite, if w ends in (.) The same bijection does not hold for finite words as explained above.
Nevertheless, because ITA are assumed to be tick-closed, we can show:

Proposition 18. For two ITA (ITBA) My and Ms, we have A(My) = A(My) iff L(M;) = L(M).

For ETA, we cannot reduce actor equivalence to language equivalence, even when the automata are tick-
closed, since we can obtain the same event trace from different words by commuting transitions happening
between two successive ticks. To solve this problem we use results from trace language theory [18]. Consider
an ETA M with input and output ports P and @), respectively. ¥ = P U Q U {t} is a finite alphabet. We
define I = (PUQ) x (PUQ) to be an irreflexive and symmetric binary relation on %, called an independence
relation. If (a,b) € I then the letters a and b are independent, meaning they can be swapped in a word
without changing the trace. I defines an equivalence relation ~ on ¥*, such that two words w,u € ¥*
are equivalent iff w can be obtained from w by repeatedly commuting adjacent independent letters. The
equivalence class of word w w.r.t. ~ is [w]. Equivalence classes [w], are called traces in trace theory (not to be
confused with our event traces). A set T of such traces is called a trace language. If T = [L] = {[w] | w € L}
for some regular language L C ¥*, then T is called a rational trace language. A trace language defined by
an ETA is a rational trace language.

Observe that, for any two words w,u € ¥*, if w ~ u then Tr(w) = Tr(u). The converse does not
generally hold because of trailing t letters at the end of the word, which do not impact the corresponding
event trace. If both w and u end with the same number of t’s, however, then Tr(w) = Tr(u) implies w ~ u.
Based on this and tick-closure, we can state the following:
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Lemma 17. For two ETA My and Ms, we have A(M,) = A(Ms) iff [L(M)] = [L(M2)].

The problem to check [L£(M;)] = [£(M>)] is known as the equivalence problem for rational trace languages.
It is known that this problem is decidable iff the independence relation I is transitive (see Ch.5 of [18]).
Fortunately, this is true in our case. Therefore, checking equality of ETA actors is decidable.

9.3.2 Checking determinism and input-completeness

Given M, is A(M) deterministic? An automaton M is deterministic if for any state s of M, and
for any label a, there is at most one outgoing transition from s labeled a. Determinism of M does not
imply determinism of A(M), as Figure 13 illustrates: in the figure, ¢; and g2 are assumed to be distinct
output ports.  A(M) is non-deterministic iff there are two words w,w’ € L(M), with (z,y) = Tr(w) and

{a} T

{a} 42

Figure 13: Deterministic finite-state automata generating non-deterministic actors.

(z',y") = Tr(w’), such that z = 2’ but y # /'
Proposition 19. For any ITA or ITBA M it is decidable whether A(M) is deterministic.

Proof. Suppose M is a (not necessarily deterministic) ITBA. We compute the synchronous product of M
o . . . . .. P .
with itself, where the two copies synchronize on the input ports. That is, a transition 199 in one copy

must synchronize with a transition 2982 311 the other copy such that P = P,. 1 and ()2 may be different,
but when they are different, a boolean flag is set from false to true, and remains at true forever after. We
claim that A(M) is deterministic iff there exists an infinite run in the product such that: (1) the flag is true
after some point on; and (2) the run is accepting for both copies of M. Finding such a run can be done
using standard model-checking techniques. O

Given M, is A(M) input-complete? Finite-word automata cannot generate input-complete actors be-
cause they cannot generate infinite event traces. Implicit-tick automata cannot generate input-complete
actors either, since they do not allow multiple simultaneous events at the same port.

For an ETA or ETBA M, a simple sufficient condition for A(M) to be input-complete is that all states
of M are accepting, and every state s has a transition labeled a for every a € P U Q U {t}.

9.3.3 Computing compositions and hiding
Given M with output ports @, and given Q' C @), compute M’ so that A(M') = A(M)\Q'. If M

is an ITA or an ITBA, then M’ can be obtained by replacing each transition Plug” of M with a transition
P’UQ_") \Q/.

If M is an ETA, then M’ can be obtained by replacing each transition —— of M such that ¢ € Q' with
a “silent” (“epsilon”) transition, and then removing the silent transitions by determinizing the resulting
automaton. If M is an ETBA then a similar procedure can be applied, however, since Biichi automata are
not determinizable in general, the resulting automaton may contain silent transitions.
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Given M; and M,, compute M so that A(M) = A(My)||A(M3). M can be computed as a product
of My and Ms, so that L(M) contains exactly those words w such that Tr(w) = Tr(wi) U Tr(ws), for
w; € L(M;) and 4 = 1,2. If My and M; belong to the implicit-tick model, M is a synchronous product, so

that a pair of transitions PaiiGh of M and FalQe of M> yields a transition PUPU@LUQ: in the product. If M,
and M; belong to the explicit-tick model, then M can be computed as the product of M; and Ms, where

only transitions labeled with t synchronize, while transitions labeled with ports interleave.

Given M; and M,, and a bijection 6 from the output ports of M; to the input ports of M,
compute M so that A(M) = A(M;)0A(M3). Feeding the output of M (after relabeling) into the input
of M5 can be achieved by a product of both automata synchronizing on the corresponding ports. The main
challenge in computing the serial composition is to ensure that the constraint ing is satisfied (see Definition 9).
We assume M; and My are ITA. We construct the composite automaton M as the synchronous product
of My, Ms and a third automaton M;, capturing the constraint ing. We construct M, as an alternating
automaton that can then be converted into a non-deterministic automaton using standard techniques.

The constraint ing ensures that the composite actor accepts only those valid input traces of M; for which
no matter what output trace M; produces, this is a valid input trace to My after relabeling by 6. Since we
are only interested in the inputs accepted by Ms, we construct automaton M} from M, by hiding the output
events and determinizing the result. M} has input ports P2 and no output ports. Let Mj = (Sa, s2.0, 02, F2),
i.e., M} has states So, initial state ss o, transition function dg : Sg X 22 5 S5, and accepting states Fy. We
assume that dy is total, i.e., defined for every sy € Sy and every P’ C P, (we can always add a “dummy”
rejecting state to achieve this). Let My = (S1, 51,0, 01, F1), with input ports P; and output ports Q1. 7 is
not necessarily total (recall that every state of M; must have a path to an accepting state). For P’ C Py, let
Q(s, P’') denote the set {Q' C Q1 | 61(s, P’ U Q') is defined}, i.e., the possible outputs for input events P’.

M, has states S = S7 x Sa, accepting states F' = Fy x Fy, and initial state (s10,52,0). Its alphabet
is 271, Its transition function encodes the condition that for state (si,s2) and input P’, any output @’
produced by M is also accepted as an input by M} (after relabeling by 6), and any remainder of the output
produced by M; is also recursively accepted by Mj. This is captured by the conjunction below, which is
trivially accepting if P’ is not a valid input for My, i.e., if Q(s1, P’') = @). Formally, for P’ C P;:

(5((81,82),]3/) = /\ (51(51713/ U Q,)762(8279(Q/)))

Q'€Q(s1,P’)

Lemma 18. Let M;, be defined as above for the serial composite M10My. Then x € Tr(L(M,)) iff
T € ingeary and for every y such that xA(My)y, 0(y) € ingagy (i-e., iff x € ing).

Proof. (sketch) (only if) Let € Tr(L(M;,)) and let p be the run witnessing the acceptance of z: p is a
tree because M, is an alternating automaton. At any state reached after some prefix of the input word,
the number of branches in the tree is at least one by construction of the automaton. Hence, there exists at
least one linear path on the automaton M;, leading from the initial state to an accepting state. Projected
onto M, this is an accepting run for input x and therefore, x € in4(5z,). Now let y be such that zA(M;)y.
Then there exists a run of M; with « and y as its inputs and outputs respectively. Tree p has a unique path
corresponding to input  and output y. Projecting that same path of the tree onto a run of M} it follows
that 6(y) € inpy,.

(if) Let = be an input trace, accepted by M, such that for every y for which zA(My)y, 6(y) € ing(az)-
Then an accepting run on Mj,, can be constructed as follows. At any state (s1, s2) reached in the run being
constructed, input x determines the next input symbol and the conjunction in the transition function requires
that for every possible output Q' of M7, from s1, there exists a transition with input (Q’) in Mj. Such a
next state exists by the assumption that for every output y of My, 6(y) is an accepted input to M> and since
M is deterministic, the word 6(y) must be accepted from the state s and the corresponding transition must
exist. The final set of states, reached after consuming the entire input word, must be accepting because,
projected on M, they represent a valid input output pair z, y and, projected on M}, 6(y) is an accepted
input of Ms. O

37



Proposition 20. For finite-state and deterministic ITA My and My and bijection 0, the above described
algorithm computes ITA M such that A(M) = A(M7)0A(Ma).

Given M, input port p and output port ¢, compute M’ such that A(M') = A(M)(p=¢q). If Mis

’

an ITA or an ITBA, then M’ can be easily obtained by removing from M all transitions g except those
that satisfy p e P! < q€Q’.

9.3.4 Checking actor refinement on ITA

Given M; and M, is A(M;) C A(M3)? We show that checking actor refinement on ITA can be reduced
to checking language containment with respect to an appropriate closure.

Given automaton M, we construct an (initially infinite state) automaton M that recognizes the
refinement closure of M, i.e., it accepts all words of M, but also all words that correspond to traces that
refine the traces of M. We define M for a single output port ¢, but the construction can be generalized
to multiple output ports. Figure 14 shows an example. We add a counter n to count the surplus of ¢ events.
Whenever later in a word M requires a ¢ event, we allow this event to be absent and decrease the counter.
The following gives a precise definition of this idea, parameterized with a bound & on the counter.

{¢},n++

{p,q}, n++

Figure 14: Refinement closure of the automaton of Figure 11.

Definition 24 (Refinement closures). Let M = (S, s, E, F) be an ITA with a single output port q, states
S, initial state sg € S, accepting states F' C S, and transitions E. For k € N, the k-bounded refinement
closure of M is the automaton Myc = (Skc, SkC,0, Exc, Fio) such that Sxc = {(s,n) | s € 5,0 < n < k},
skc0 = (50,0), and Frc = {(s,n) € Sic | s € F'}. For every transition (s1, 0, s2) € E, we have the following
transitions in Epc:
((s1,n),0,(s2,m)) if 0<n<k
((s1,n),0U{a}, (s2,n+1)) if 0<n<kqg¢o
((Sl,n),UU{q},(Sg,TL)) if n=kqdéo
((s1,n),0\{q},(s2,n—=1)) if 0<n<k,q€o

The (unbounded) refinement closure of M is the automaton Mo defined in a similar way, but where counter
n is unbounded.

Lemma 19. Let My and My be ITA with the same input ports P and the same, single output port q. Then
A(My) E A(My) iff for every w € L(My) such that Tr(w) = (z,y) and x € ingnz,), w € L(Maoor)-

Proof. (only if) If w is a word of M; with inputs Tr(w) = (z,y) and z is also accepted by My, then there is
a word w’ of My which is refined by w. Let p be the run of My that accepts w’. Then there is a run for w in
the closure Ms oo, by taking the corresponding transitions of p, while increasing/decreasing the counter n if
necessary to match the presence/absence of output events g. The counter cannot become negative, because
wCw'.

(if) Let w be accepted by M3 o by arun p. We can project p onto My and we find that the corresponding
word w’ in My is refined by w. O
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Unfortunately, My oor is not a finite-state automaton, in fact, £(Ms o) is not always regular. Let
L(M) = ({p,q} - 0)*, where p is the only input port and ¢ the only output port. Then £(Mc) contains
all words of the form ({p,q} - {¢})" - {p}", for any n € N. Based on this, we can show that £(M..c) is not
regular. Despite this difficulty, we can make use of the finite memory property of M; and Ms to find an upper
bound on the size of the refinement closure, which proves that checking refinement for ITA is decidable:

Proposition 21. Let M, and My be deterministic ITA with the same input ports P and the same, single
output port q. A(My) © A(Ma) iff for every w € L(My) such that Tr(w) = (z,y) with x € ingrg),
w € L(Ma,nc), where N =|51] X |Sa].

Proof. Let M; = (S;, $i0, Ei, F;). The ‘if’ part follows from Lemma 19 and the fact L(Me nr) C L(Ma2,000)-

For the ‘only if” part, let w be a word of M7, accepted by run p; with Tr(w) = (x,y) such that z is also
accepted by M. Then, by Lemma 19, w is accepted by Ms ., by accepting run p... Assume towards a
contradiction that w is not accepted by My yc. M is deterministic, therefore so is My y=. Let ¢ and co
be the counters of My yc and Mj oo, respectively. Since w is not accepted by Ms oo, the unique run py
of My yc generated by w eventually “deadlocks” (i.e., is not able to complete w) with ¢ = 0. Moreover,
because w is accepted by Mj o, ¢ must have previously reached N in py. Let w = w; - wy - w3, such that
at the beginning of wa, c = N in py, ¢ > N in ps, and the end of wsy is the point where M» nyc deadlocks.
Since ¢ = N at the beginning of wy and ¢ = 0 at its end, the length of ws is at least N. Observing the
runs p; and peo side-by-side, since N = |S1| X |S2|, there must exist a recurring pair of states s; in p; and
(So0yM1), (Soo,M2) I poo With ne < my. On this fragment of wo, M7 and Ms both complete a cycle and the
net number of output events in M; is smaller than in M. The fact that this cycle can be repeated arbitrarily
many times, after which an accepting state can be reached, contradicts the hypothesis A(M;) C A(Ms). O

9.3.5 Computing throughput on ITBA

Given ITBA M with sets of input and output ports P and @, respectively, and given an output port ¢ € Q
and an input trace € Tr(P), we want to compute T(A(M),z,q) and T“(A(M),z,q). To do this, we
need a finite representation for x. A natural choice is to represent x as a deterministic ITBA M, that only
refers to ports in P. We require that M, generates a single trace x. These assumptions imply that M, has
the form of a “lasso”.

First, we compute a product of M and M, such that the two automata synchronize on inputs. We
remove from the product all strongly connected components (SCCs) that contain no accepting state of M
and denote the result by M’.

We assign a weight to each transition 19 of wr: weight 1 if ¢ € @' and weight 0 otherwise. With
these weights M’ can be viewed as a weighted directed graph. We run Karp’s algorithm [26] to compute
the minimum cycle mean and maximum cycle mean of M’, denoted MCM,,;, and MCM,,.x, Tespectively.

MCMpin (resp., MCMppay) is the minimum (resp., maximum) over all simple cycles x in M" of the ratio
w(k)

sl
transitions in k).

where w(k) is the sum of weights of all transitions in x and |x| is the length of k (i.e., the number of

Proposition 22. T(A(M),z,q) = MCMyi, and T*(A(M),x,q) = MCMyax.

Proof. (sketch) The tricky part is that Karp’s algorithm considers all cycles, including non-accepting (in the
Biichi sense) cycles. However, all cycles are guaranteed to belong to an accepting SCC (otherwise the SCC
is removed by construction of M"). Then, from any cycle it is possible to reach an accepting state and then
return to the cycle. This “detour” may increase the throughput by some amount ¢, however, € can be made
arbitrarily small by taking the detour very infrequently (but infinitely often, to be accepting). O

9.3.6 Computing latency on IT(B)A

Given automaton M with sets of input and output ports P and @, and given an IOES &, we would like,
first, to check that & is valid for A(M), and second, to compute the latency D€ (A(M)). To do this, we need
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a finite representation for £. Many choices exist for this. We will consider a simple one, where £ is defined
by a single tuple (P, Q’, k,f) € 2F x 29 x N x N, so that

E={({(p.k) Ip€ P'},{(¢;0) |4 € Q'D}-

This measures the latency between the moment where & tokens arrive at each of the ports in P’ until the
moment where £ tokens arrive at each of the ports in . We assume that M is an ITA or ITBA.

€ is invalid for A(M) iff there exist traces x, y such that (1) (z,y) € A(M); (2) forallp € P, z(p)(k) # oo;
and (3) there exists ¢ € Q" such that y(¢)(¢) = co. This is equivalent to the following property: there exists
an accepting run p of M and a port g € @', such that p contains: (a) at least k occurrences of each p € P';
and (b) strictly less than ¢ occurrences of q. This property can be encoded and checked using standard
model-checking techniques.

We turn to the problem of computing D®(A(M)). First note that we can check, for a given d € N,
whether DE(A(M)) > d. This question can be formulated as a model-checking question as above, namely,
finding an accepting run p of M such that: (a) p contains at least k occurrences of each p € P’; (b) the latest
of these occurrences happens at the j-th transition of p; and (c) there exists ¢ € Q" such that p contains
strictly less than £ occurrences of ¢ until its (j 4+ d)-th transition. It then suffices to find the minimum d for
which Df(A(M)) > d is false. Such a minimum is guaranteed to exist, because M is finite state and & is
assumed to be valid.

9.3.7 Computing buffer capacities on IT(B)A

We are given ITA or ITBA M, input port p € P, and input trace z captured as a lasso IT(B)A M, as
explained in Section 9.3.5. We want to compute B(A(M), z,p). M must have an output consumption port
p’ corresponding to p, as explained in Section 8.

We first compute the ITBA M’ representing the serial composition of M, and M. It is straightforward to
show that B(A(M), x,p) = oo iff M’ has a cycle in which there are more productions than consumptions, i.e.,
more transitions containing p than transitions containing p’. After checking that this is not the case, we know
that every cycle must have an equal number of p’s and p’’s: otherwise, the number of p’s is larger, which
means that there exist behaviors where consumptions at p exceed productions. We add to M’ a counter that
counts the number of p’s observed, minus the number of p’’s. The counter cannot become negative and the
counter is bounded because on every cycle of the original automaton the number of p events and p’ events
are equal. Then B(A(M), z,p) is equal to the largest value the counter may reach in M’.

10 Discussion and Future Work

We have proposed an interface theory for timed actors with a refinement relation based on the earlier-is-
better principle, suitable for worst-case performance analysis. Our framework is compositional and unifies
existing formalisms, allowing different types of models to be used in the same design process. For example,
automata models could refine SDF models.

The earlier-is-better principle may not seem directly applicable in scenarios where outputs should be
produced not too late but not too early either. One way to handle these systems is by using external
components that buffer the outputs in case they arrive early, and reproduce them at the right time. This
is, for instance, the role of the DAC component discussed in Section 2. If such a buffer is finite, there is a
bound to how much earlier the output can be produced. Finite buffers can be captured by back-pressure
dependencies like those in Figure 1.

An alternative approach is to combine the earlier-is-better refinement with the corresponding later-is-
better version, obtained by replacing y C ¢’ by ¢’ C y in Condition (2) of Definition 14. Separate specifications
could then be used, expressing upper and lower bounds on timing behavior, and refined using the earlier- or
later-is-better relation, respectively. Examining in detail this hybrid approach is part of future work.

Other directions for future work include examining the algorithmic complexity of the various compu-
tational problems introduced above and coming up with practically useful algorithms; implementing the
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algorithms and performing experiments; integrating new representations under our framework; and having
a thorough comparative study of the different representations, for instance, in terms of expressiveness and
complexity.
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