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Context-Aware Process Networks

Hylke W. van Dijk and Henk J. Sips

Abstract—In industry, embedded systems for stream-based Having a proper Model of Computation (MoC) greatly
processing are often modelled and verified by using processimproves the effectiveness of the system integration phase in
networks, such as Kahn process networks. An advantage of Kahn qyeye|oping context-aware embedded systems. Basically there

networks is that they allow asynchronous operation of process . .
components in a network. A problem in these networks, however, exist two approaches. One either develops a MoC based on

is that asynchronously interfering events cannot be handled prop- discrete-event processing or a MoC based on stream-based
erly because they are intrinsically indeterminate and therefore processing. One could recast a state-based MoC such as finite

destroy the compositional properties of the network. state machines or Petri nets, which allows for model-checking
In this paper, we propose to extend the Kahn model of anq verification. But due to possible state-space explosions

computations with a simple indeterminate construct. We call the . . -
resulting network a context-aware process network ¢APN). We these MoCs are considered less suitable for an analytical

show that these networks are capable of handling certain classesvaluation of embedded stream-based processing applications.
of events and can still be reduced to a class of parametrised In this paper we propose an approach that starts from a
Kahn networks. well known MoC for stream-based processing applications:

Index Terms— asynchronous communication, asynchronous co- K&hn process networks. We recast this model to support
ordination, discrete event processing, stream-based processing,context awareness, i.e. we adynchronous coordination
KPN, CAPN, QoS functionality.

MBEDDED systems for stream-based processing (video,Kahn process networks (kpn) [1]-[3] have the distinct
E audio) are often found in consumer electronics applicRIoperty of being determinate and therefore being composi-
tions. They need to operate flawlessly and hence much effignal. Thekpn model of computation facilitates asynchronous
is spent in the design and verification of these applicatiorfE@Mmmunicatioramong components in a system. To facilitate
A popular model of computation for these applications is tiSynchronouscoordination we extend thexen MoC and
Kahn process network modedsn). The Kahn model is com- form a MoC calledcontext-aware process networkgcapn).
positional and allows asynchronous coupling of the processif{jhough our extension necessarily sacrifices the determinate
nodes in a network. An important advantage of Kahn networR§0Perty ofken, we show that the indeterminacy in a network
is that verification of the concurrency properties of a netwoff@" be concentrated into a control stream. This so-called
can be done without knowing the internal processing detaffsaclisation[4] makescapn compositional again. o
of the nodes, provided that the port scans of a node are dond NiS paper is organised as follows. We conclude this intro-
in the prescribed way. duction with a motlvatlng_example and_the practical solution

Apart from handling streams, embedded systems need to%e?Ur @pproach. In Sectidj | we provide some background
able to handle events. A simple example of an event is a uS8y the oss of the compositional property when incorporating
pushing a button. Incorporating events in Kahn networks fadéterminate constructs. In Sectipi} Il we recapitulater
awkward; often events are turned into a stream, e.g., a cohergffrantics and formalisearn semantics. Subsequently in
stream of “on” and “off” events. Section[T] we model an indeterminateapn system as a

However, modern embedded systems require more compﬂ%{ameter'sed@’\‘ system. In Sectiofl IV we analyseapn

forms of handling events. Events, typically, represent chang{gg specific cases.
in the contextof the embedded system. The button exampl& Motivating example
represents a discrete change in the mode of the operation of the 9 P o )
embedded system, but changes of context can also be moréhe type of stream-based applications we consider can be
gradual. An example of a gradual change is an increase astracted by a common producer-consumer system. Higure 1
decrease in transmission rate of a system due to external cad§é4vs a producer separated from a consumer by a transport
(e.g. a wireless link). system. The transport system of Figlife 1 is left unspecified;
Proper system integration in embedded systems relies Ib1ight suffer from imperfections such as latency (buffering),
the availability of determinate— and thus compositional — €MTor injection, or out-of-order delivery. ,
components in order to optimise functionality, performance, [N @n ideal environment, interference free and with access
and resource utilisation. Unless one effectively can captdie Nfinite resources, applications can effectively be modelled

(isolate) their context dependent parts, any composition Wfth @ producer, a perfect transport system, and a consumer.

indeterminate components yields a non-deterministic systehfi€ Only necessary communication links are the ones that

Although examples of working non-deterministic systems afeansfer the datarx and RX_ n Flggre[j. The context inputs
ubiquitous, the current practice is not satisfactory. Pctx, Tctx, and Cctx are void in this case. A model of com-

putation for such a system should implement asynchronous
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Fig. 1. Context-aware stream-based process network with asynchronous -
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Fig. 2. Indeterminate processes with explicit context.
Unfortunately, the environment of an embedded system is

far from ideal. Implementations of a producer, transport, or
consumer system usually share resources with other systemshis section we provide some background on appearance,
Context awareness allows system components to adapt to vasndling, and consequences of the application of indeterminate
ations of their context. In Figufg 1 the respective componergamitives.
sense their context through the inp@tsix, Tctx, and Cctx. The most prominent and well studied indeterminate mod-
Sensing contextual information is typically an asynchronousiing construct is themerge primitive [5], [6]. A merge
process. The updates of context information and the effecgtimitive, or any other indeterminate primitive, hasntext
ation of this information need not be synchronised with datfependent input-output behaviour and therefore lacks a com-
handling. A video decoder, e.g., uses a clock to maintagpsitional property, a phenomenon known as the Brock and
real-time, isochronous, operation. Every once in a while thgckerman anomaly [5]. As an example, due to [4], consider
decoder has the option to change its mode of operation, egh,indeterminate proceds with a single input: and a single
adjust the so-called frame-skip factor. Only at those instancgstputy (Fig. |2 ) P, transforms the input sequenaeinto
the decoder will obey the external timer information thahe output sequence. Internally, P, has two deterministic
arrives at its own pace. The coordination of the timer proceifodes of operation indicated by a control parametefa =
and the decoder process is asynchronous; time stamps mayjbgeans a read from the input port, followed by a write of
overruled before being applied or being used multiple times, 0, followed by a write of al to the output port, denoted
Similar asynchronous coordination is observed betweerbgR;(); 1. [ = 1] means a write of & to the output port,
producer and a remote consumer, which is especially the casiowed by a read from the input port, followed by a write
when these system components need to be flexible. Firsglya 0 to the output port, denoted &sR; 0.
because the optimal rate of exchanging information most likely The input-output relation of the netwoiR, depends on the
differs with the implementation, and secondly because tiigjeterminate selection mechanisty,(the context(s open or
cooperation may be on an ad-hoc basis with various partigfssed), and the (in)availability of events arof the network.
which obstructs the clear definition of a common denommatqrame[I@ gives the input-output relations (wittopen) of the

for the information exchange rate that serves all. networks of Figuré ]2 { denotes no output).
) ) One can device a networR2 with equivalent input-output
B. Modelling asynchronous cooperation relations to those of,. P, has the same modes of operation

Given the above considerations, a modelling construct tte P, and an additional one, namelyx [= 2] means a write
captures asynchronous coordination is fairly straightforwardf a 0 to the output port, followed by a read from the input
The transfer of stream-oriented data is modelled by urpoert, followed by write of al to the output port, denoted
directional FiIFo links and the transfer of context-orientecasO; R; 1. Obviously P, and P, have equivalent input-output
information is implemented by unidirectional registee¢) relations, Table§ (&) and T(b) respectively. Both processes
links. When unboundediros are applied, asynchronous comgenerate eithef 1,0} or {0;1,0;0}.
munication between components is guaranteed. When nonHowever, when operating in a different context (clos#)g
blockingrecs are applied, asynchronous coordination betweéme two network components may behave differently, meaning
components is guaranteed. that they loose their compositional property; compare Tgbles |

It is reasonably simple to implement tl&c construct in - and[Tl.

a simulation environment. Experiments, done by ourselvesThe internal control parameter of processP; has been
and others (Section TVID), indicate that a MoC that includdeft unspecified so far. One option is to generate the control
rFIFo andrec links indeed is a powerful modelling paradigmsequence: = (ag, a1, --) by a merge process that merges
In the remainder of this paper we analyse the non-trivialvo streams of control events. One stream with events 0

consequences of this paradigm. and one with eventsx = 1. The behaviour of the network
depends on thdairness of the merge process. It turns out
|. INDETERMINATE PRIMITIVES there exists a hierarchy of merge primitives [6] with provable

The introduction ofrec links in Kahn semantics adds aninequivalent expressive power. Common merge primitives are
indeterminate construct to an otherwise determinate Mofanked according to their expressibility from strong to weak
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TABLE |
INPUT-OUTPUT RELATIONS OFFIG.[2, S OPEN u HAS AND —u = {1}
HAS NO INPUT EVENTS

the compositional property, especially when the context of the
indeterminate entity can be characterised adequately.

The mere name of the infinity-fair merge is due to the
composition of a deterministic component and an indeter-

(@) P (b) P,. minate random number generator [8]. The random number
T T generator acts as the oracle and generates a sequence of
0 I (01 0 L (o1 positive integers. The determinate process has two input ports
1|1 0 |00 1|1 0 |00 for streamsu, andu;, an output pory, and a control port

2] 0 |02 to which the generated random number stream is connected.
TABLE Il The process starts with reading an integer from the control

port that specifies the quantity of tokens to be read alternately

INPUT-OUTPUT RELATIONS OFFIG.[Z]; s CLOSED . -
from wy andu;. See Figur¢]3 for a diagram.

(a) Pr. (b) Pa. el |
c c -f%

0 L 0 L c

1]/00] |1]00

Fig. 3. Infinity-fair merge oraclised.

as: fair merge,angelic merge,infinity-fair merge, andunfair Infinity-fai b lised si it K
merge. Fair merge is truly fair in all circumstances, angel%c ntinty-tair merge can be oraclised since | exposese_l(wea )
orm of monotonicity [9]. Monotonicity defines causality for

merge is fair only when both inputs are finite, whereas infinity- dels of i=ation th dered
fair merge is only fair when both input streams are infinit noaels o C(_)mmumcatlont at _operate on_(or ered) sequences
Unfair merge, the ordinary “or” operation, does not give an _ther than implement global time. Angelic merge also has a
guarantees at all. different) form of weak monotonicity, whereas fair merge has
In their original paper [5], Brock and Ackerman provenot anq consequen_tly can not be orachse_d. . -
' The implementation of a non-monotonic function requires

thg non-compositional property ofinput-_output relatiops Wh. eemption of the computations, for the output stream is
usIng Merge process compqnents. Their prqqf explicitly rel Frected by non-causal events on the input stream. Preemp-
on the f;wnesi of thedafhplled merge pr|rp|t|vce|, nameli/ f?”on is commonly implemented by constructs like timeout,
Merge. RUSsell prove € non-compositional property ﬂ{terrupt, or polling. Since angelic merge and infinity-fair

unbounded choice (or unfair merge) [7] and thus demonstra];ﬁarge behave in a sense monotonically, a preemption-free

the non-.composmonal prope.rty for any merge p“m'“"?- . implementation is possible. Fair merge, being non-monotonic,
The hierarchy of expressiveness of the merge primitives ot pe implemented preemption free [10].

is reflected in the fact that weaker merge primitives can begyyict monotonicity of the associated (monotone) functions

composed out of stronger merge primitives; the angelic merge the processes in the system is important because of the

can be composed of fair merge primitives, infinity-fair merggyistence of the least fixed point of such as system which

can be composed of angelic merge primitives. The reversgayes the system determinate and compositional. For a subset

however, is not pos_S|bIe. o of the dataflow models of computations analytical procedures
Let ug, u; be the input sequences of a merge primitive ang find the least fixed point are known, however in general

let y be its output sequence. Lgb andy;, be two streams vyerification tools are used, such ssin [11].
constructed from the output streamas follows: events of

y that originate fromu, go to 1y, events ofy that originate Il. ASsYNCHRONOUSMOC
from u; go toy;. The order of events af is preserved ony Kahn process networkxgn) (Section 1)) are determinate;
andy;. Thefair merge primitive guarantees thaf = uo and given an input, the output follows deterministically, indepen-
y1 = uy under all circumstance#\ngelicmerge transmits all dent from the implementation. Heneens are compositional,
events of streamy if the streamu; is finite and transmits all a prerequisite for complex system developmestns im-
events of stream; if the streamu, is finite. Angelic merge plement asynchronous communication but synchronous co-
thus behaves like fair merge when bath andu; are finite. ordination. In order to facilitateasynchronous coordination
Infinity-fair merge is the dual of angelic merge. Infinity-faitwe introduce an, indeterminate, register link. We call the
merge transmits all events af) providedu, is infinite and it resulting MoC Context-Aware Processing Networks\Hn).
transmits all events af; providedu, is infinite. Thus infinity- We developcaprn in view of kpN so as to isolateafaclise[4])
fair merge behaves like fair merge when beihand«; are its indeterminate properties.
infinite.

Indeterminacy thus comes in grades, which has condk- Kahn Process Networks
qguences for the possible isolation of indeterminate behaviourKahn process networks [1] are characterised by lacking
An effective isolation of indeterminate behaviour may retaiglobal memory and a global schedule. Kahn process networks
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connect nodes. An autonomous process is associated with
each node. Nodes have ports and each port is linked to at

most one other port through a unidirectional unbounded

The diagram of Figurg]4 illustrates a dataflow network,

The read operationgét() ) is blocking, the write operation 'g. 5. Synchronous coordinatiokRN).

(monotonicity). As a direct consequencens are determin- Of a REG link has follows. Writing put() ) to a full register
Kahn process networks have proved their usefulness in

different, tokpns. A dataflow network has a global schedule,

control event that specifies a mode of operation for the currentAs a direct consequence, the behaviour afagn network

the producer triggers get() from link cont followed with

put() oncont. In case okpn the coordination is synchronous;
depending the schedule. To show this consider the following:
typical switch that allows a stream to be processed throug ernately invokes the producer and consumer, the producer
and P; receive their control events coherently from the strea ts the producer obsenviého)®, (Ae)*, (Aax ), - --). That is,

queue. Processes are allowed to read, destructively only, from —
an input port and are allowed to write to an output por}‘_,_
(put() ) is non-blocking. Kahn semantics guarantee a causal
relation between input events and output events; incoming _ o _ _ _
events do never influence previously generated output eveqai,@§tructlve and replicative behaviour. We define the behaviour
istic and thus compositional; their input-output relations averwrites a previously written value. Readingt) ) from a
independent from the imp|ementa’[ion (the execution Ordéggister returns the last received Value; a value can be returned
and the context. multiple times.
methodologies for developing embedded systems [2], [3], [12],
[13]. A particularly well explored set of networks is the set
dataflow networks [14], which is related, but conceptually
whereaskpPN has not. In view of KPN, the nodes of 8. & Asvnchronous coordinatioAPN)
dataflow network have cyclic behaviour and receive, implicitlyg' A '
or explicitly, control events. A cycle starts with the read of a
cycle. In particular, the order and the numbergef() and depends on the applied schedule (context). To demonstrate
put() invocations is predefined by this mode of operation.this, regard the networks of Figuré$ 5 apd 6 as dataflow
networks with implicit control. Every invocation (firing) of
a put() on link xfer. The actual content of theut()
depends on the observed context information. Similarly, each
invocation of the consumer triggersgat() from xfer and a
all events sent by the consumer arrive at the producer. In
case ofcapn the coordination is asynchronous. In this case,
events sent by the consumer may be replicated or discarded
Fig. 4. Datafiow process network. Let \o be the default value (after reset) of the register and
A1, A2, -+ be the sequence of coordination events emitted
the consumer on successive invocations. If the schedule
eﬂherfl or P,. The InodesP1 and P, na:j/ef'lmpllcn' (static) observes the same sequence of evefis; A, Ao, ---). A
control; ec\j/ery contro event_ (a s_o-(;]a € dlrlngr)htrlggﬁrs ONfifferent schedule that alternately invokes the produker
get() ~and oneput() operation, in that order. The nodé%  ieq followed byk successive invocations of the consumer
c. A control event effectively activates the upper path (throug%
Py) or the lower path (through?). Incoherently supplied
control events may deadlock the network.

replications of \y followed by k replications of \y; all
intermediate coordination events are discarded.

[Il. KPN MODELLING OF CAPN

B. Context-Aware Process Networks . . . .

. L In this section we analyse the behaviour and semantics of
Implementing feedback coordination in the Kahn procegge ¢ jink. We start of with commenting on its applicability
network yields synchronous coordination. Consider Figdre llowed by a model to isolate (oraclise) the indeterminate

H'ere .the producer and consumer are connected through ‘YYits of therec link. Our analysis yields &pn model of the
dlrectlonal'unboundeleos. The link labelledkfer carries the rec link with explicit context dependence: a control stream.
_data, th? link Ia_belleatont feeds ba_\ck context (C(_)ordlnatlon)A generating process of this control stream is readily achieved
information. Using Kahn semantics, any feasible sched I%ing, not surprisingly, a merge construct.
for the producer and consumer results in determinate (fixed)
behaviour of the network, because the course of events on
each link does not change. A. Select

To turn kPN Ssemantics intacapN semantics we introduce Given therec link we can easily construct a select mecha-
a unidirectional non-blocking registerec) link, which has nism that passes events from whichever input port has events
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a Decimator followed with an Interpolator and the network
Figure[9(b) has an Interpolator followed with a Decimator.
Their input-output relations are respectively denoted; as
Decint( M, L;u) andy = IntDec( L,M;u), where L and
M are the static parameters, the input stream ang the
output stream.

y

N

(D) (D)

(a) Decimator-Interpolator (b) Interpolator-Decimator
(y =DecInt( M, L;w)). (y = IntDec( L, M;u)).
Fig. 7. Select composition Fig. 9. Simple composition.

] ) ] ] _ The simple composition networks of Figyre 9 replicate and
available. In Figurg]7 each input stream is forked to a countiggscard events, which follows from their input-output relations.
node, which outputs a successive number for every receiegt ,, — (), A, - - -) be the input sequence of events to either
event. These counter values are communicated to a pProc§ss of the networks. The resulting output sequepcéor

Fy over area link. The processh, therefore, never blocks the Decimator-Interpolator network of Figufe 9(a) is readily
but may read the same counter value multiple times. Bjsrived as:

maintaining state informatior?, can detect changes of the . .
counter value, which indicates the arrival of an event. The DecInt( M, L;u) : y = ((Am-1)", (A2am-1)",--)  (3)
arrival of an event triggers a send of the respective ChannelDeriving the input-output relations of the Interpolator-

number o or u) to the process’;. Note that executable bocimator network of Figurg 9(b) requires some more evalu-
implementations usually use a trigger function to indicate tl?ﬁion due to the interdependency of the parametérand L.

update of any counter. Kahn's owmarn() —Operator is an pere the output sequengehas replicated consecutive events
example of such a trigger [1].

as follows:
B. Oraclisedcapn IntDec( L, M;u) : y={((A)?%, (A)?M -y (4)
The schedule dependent behaviour of context-aware proc€he replication factory[j] is periodically and recursively
networks can be modelled usirgn. In this section we derive defined through the floor operation agj] = % (which

a static model. The basic behaviouradfrn is that arec link can be zero). The period &f[j] equals M/gcd(Z, M), in

may replicate tokens or discard tokens, which can be modellgd; -, gcd L, M) is the greatest common divider df and
through an Interpolator and Decimator respectively. M: 0[j] is défined as:

0[0] - L

an ey . . 6 +1 = L+06[j]modM ()
Q) o

C. Sample-rate converter

(a) Interpolator. (b) Decimator. In the previous section we developed a parameterised model
for a simple composition of the basic behaviourcefn. More
Fig. 8. BasicCAPN behaviour. complex behaviour can be accomplished by an arbitrary, yet

. ) ) parameterised, composition of Decimators and Interpolators.
Figure [§ shows twoxpns with parameterised dataflowrhe actyal sequence of Decimators and Interpolator as well as
processes: an Interpolatof. and a Decimator Xf). Their i qir individual parameters{ and M;) depend on the context
behaviour is defined as follows. L&Ro, A1, A2, - --) be the (schedule) of the network. To make this dependency explicit
input sequence of events to an Interpolator or Decimator, th% devise a dynamic model of theec link, which concen-
the corresponding output sequences are given as: trates the dependency in a control streams (ag, a1, - ).
InterpolatofL) :  ((Xo)%, (AL, -+, (w)E, ) (1) The samp_le-rate_convertegF(c), node ©;,) in Figure@,_
Decimatot M) : (A1, Nanrtse - Aear -+ (2) does precisely this. Therc is a dataflow process n_ode, with
e ’ stategq, that operates as follows: At thieth invocation, the
An Interpolator replicates each incoming tokdn times, sample-rate converter reads tiwh control eventa;, o; €
whereas a Decimator discards— 1 tokens out of every block {—1,+1}. A negative control value yields reading from the
of M incoming tokens. data input port and storing the read value< get() ). A
A simple composition of an Interpolator and a Decimatguositive control value yields writing the current state to the
yield the networks of Figure] 9. The network of Fig{ire P(a) hadata output gut( g) ). Let ¢ = A_; andu = (Ao, A1, A2, -+ -)
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be the current state of the inpatro, then the behaviour of
the Interpolator and Decimator of Equatiof$ (1) and (2) are Producer
mimicked by the respective control streams and c¢p as

follows: T @

InterpolatofL) : ¢; = (-1, (D)%, =1, ()%, —-1,---,) (6) T
DecimatofM) : ¢cp = (—DM,1,(-1)™,1,--) @) | Merge |

As an example, let = (—1, (1)1{’ (71)]6’ (1)k’ (71)k’ ) Fig. 11. REG link emulation.
and v and ¢ be defined as above, then the output sequence
y equals((Xo)*, (\x)*, (A21)*, - - ), which corresponds to the
result derived in Sectign]ll. The first entry inensures proper  2) Cyclo-static control stream:n case of a determinis-
initialisation. tic context of the network, the control stream of tkec
of Figure[1I] is also deterministic. We propose to generate
such a stream through the use of a parameterised sample
rate converter that builds upon the parameterised Interpolator
and Decimator processes of Sectfon T]I-B. The Interpolator,
Decimator, and their compositions have a regular cyclic be-
haviour. We capture the cyclic behaviour by using a converter
process with an associated characteristic set of coefficights (
(Figure[12). This set. describes a sample rate conversion
pattern, which is comparable to the kernel of a convolution
process. The canonical form @&f uniquely characterises the
converter process, moreovkris compositional.

The src substitutes therec link behaviour, provided an  We denote the converter processias= SRC(h;u) . The
appropriate control stream can be generated. Moreover, tieefficients ofh define the replication factoe(N) of an input
substitution turns @apN into akpn with manifest indetermi- data token in the output data streamh is applied cyclically
nate behaviour. Figufe JLO is the oraclised form of Figure 6, to the input streamu. Let u = (A, A1, Ao, ---) be the input
which the schedule related context information is concentratedta stream and = {hq, h1,---hy_1} be the characteristic
in the control streamc. In the following subsections we (ordered) set of coefficients with periad, then the output
consider two different sources of this control stream: wsequencey of SRC(h;u) is given as:
will discuss a non-deterministic configuration with a free
running schedule and a deterministic configuration in which L A B
we generate a cyclic control stream from a predefined pattern. y = ((A0)™ )™, (Aw—a)™ ey

1) Non-deterministic control streamfhe control stream of (Ag)timod N (g4 q )Gt moan oy (8)

the src of Figure[10 abstracts the context of the network. One
qure{10 As an example, the output sequences of the Interpolator and

possible way of generating such a stream is through the yse . :
of a merge primitive, emphasising the indeterminate aspgc?umator, Equationg [1) anff](2) respectively, are generated

of the rec link. Figure[I] is an emulation of theec link y app'yi”?’ ;Lheir rgzpective coefficielrfts”athD to &.m input
using asrc and angelic merge. A free running schedule ofcduence: hy andhp are parametrically given as:

this process network effectively generates the control stream.

The emulation requires a minor modification of the producer InterpolatotL) : h; = {L} 9)

and consumer process when accessing Rbe channel. A ; ) _ M—1

get() of the producer from the register port is proceeded DecimatotM): - hp = {(0) 1 (10)
with a put( « = 1) to the merge construct. Similarly, a  The length (dimension) of the characteristic set of coeffi-
put() of the consumer to the register is proceeded wittients, denotedh|,, determines the size of the block of input
aput( @« = —1) to the merge construct. Themerge node tokens the sample rate converter takes per cycle. The dsual
passes the incoming events to thec, eithera = —1 or vector norm of the characteristic set of coefficients, denoted
a = 1. Thesrcbehaves like specified. As a result, the networlt|,, determines the number of tokens in the output for every
has the same schedule dependent behaviour as in Spétiomput block; |h| = Zfi‘ol(hi)i’ for p € {0,1}. With respect
Angelic merge is the weakest possible form of the merde Equations[(%) and_(10) we havgi;|, = 1, |hs|; = L,
primitive that guarantees a deadlock free implementatiof.p|, = M and,|hpl|, = 1.

Suppose the consumer applies a finite number of updates, thefihe composition of two finite characteristic sets of coeffi-
all consecutive producer requests should be acknowledged.ai@nts f and g yields a finite seth = g o f. In order to form
vice versa, if the producer poses a finite number of requedtseir compositionf and g must bebalanced f and g are
then the consecutive send operations of the consumer shduddhnced iff| f|, = |g|,, i.e., the number of outputs per cycle
be handled by therc. Angelic merge guarantees preciselyrom SRC(f;u) matches the number of inputs per cycle of
this. SRC(g;u) for anyu. The balance condition can always be met

Fig. 10. OraclisecREG link.



VAN DIJK AND SIPS: CONTEXT-AWARE PROCESS NETWORKS 7

Finally, we give the relation between a characteristic set of
coefficientsh and the cyclically extended control streanof

Figure[10.
if h; =0, thena; = (—1)
if h; >0 thenai = <_17 (1)h1>

Fig. 12. Cyclo-staliREG link emulation ¢ = SRC(; ) ). The cyclo-static sample rate converter we introduced in

this section is a proper reasoning framework for further
analysis. We showed in particular that the composition of two
because the cyclic extension of any finitéy a factork yields  cyclo-static sample rate converter again yields a cyclo-static
equivalent behaviour of the converter proceSRC(h;u) = sample rate converter, which is uniquely characterised by a

SRC((h)*;u), and f andg are finite. ~ characteristic set of coefficients. In the next section we apply
Given two balanced finite characteristic sets of coefficiengyr reasoning framework.

f and g their composition is found through the following

procedure. Partition the set according to the value of the IV. ANALYSIS
subsequent entries of. Let f; be thei-th entry in f and
g. be the correspondingth sub partition ofg then due to
the partitioning scheme we havg/|, = f;. In casef; = 0,
the corresponding; equals a set with empty elements onl
{L}, which has expected propertieg:L }|, = [{L}|, = 0.
Consequently we defing through its entries asi; = |g;,.

We have introducedapn in order to facilitate asynchronous
coordination. However indeterminate, for a specific class of
dataflow networks we can parameterise the schedule dependent

Ybehaviour ofcapn. In this section we analyseapnN in a
cyclo-static dataflow context. We derive a dataflow network
o . e with parameterised, and thus asynchronous, coordination. The
The partitioning ofg is guaranteed to fit sincgf|; = |g|,. : .
: - 0" _gverall behaviour of the network depends on the actual setting
Observe that the resulting characteristic set of coeff|C|en§ ; ,
. : . ; : of the parameters. We show in an example that in the case of
inherits the properties of its constituents|, = |h|, and . o : . .
e { cyclo-static dataflow it is possible to derive a closed expression
lgl; = |h|;. Moreoverh is finite by construction. . : .
; . under which proper behaviour of the network is guaranteed. A
As an example consider the compositibn= g o f. Let . .
; e second more generic example is discussed to support the case
f = {5} andg = {0,0,1}. Thush is the characteristic set of for usingcapn as a useful MoC for context-aware applications
coefficients of anntDec( L =5, M = 3). We first balancef 9 PP '

andg; let r = gc , , we extendf and g cyclicall o
I ged(/1:.+lglo) frandg cy N Asynchronous coordination

as follows
lglo Consider the cooperative producer-consumer network of
{(H)"}=1{5,5,5}, Figure[I3. The diagram presumes the synchronous dataflow
{(g)‘fll }={0,0,1,0,0,1,0,0,1,0,0,1,0,0,1}. (sbF) MoC, which is the most restricted and best analysable

- ) ) member of a family of dataflow models of computation [14],
Subsequently we partition the cyclically extendgdccording [15), The cyclo-static dataflowcéns) yields a useful extension

to extendedf and form to (spF) for which practical analysis techniques are available

¢ = {{0,0,1,0,0},{1,0,0,1,0},{0,1,0,0,1}}. [16]. A node in anspr network specifies the number of tokens

] ] it reads or writes on every invocation (firing) of the node. A
Taking the/,-norm of the subsets yields node in ancspr network specifies aequencef the number

h={1,2,2}, of tokens it reads or writes on every invocation (firing) of the

o ) _ ) ~ node. The sequence is repeated cyclically.
which is equivalent with the result of Equatiqrj (4). The period The coordination between the consumer and the producer of
of &, |k, is equal to the cyclic extension factor ¢f 4o = Figure[I3 is strictly synchronous, which we will demonstrate
geLary- Further the number of outputs bf ||, is equal to by means of the topology or incidence matrig, of the
the cyclic extension factor of, Ileo = gcd(f - Hence, the network [17]. The rows of an incidence matrixcorrespond
compositionk = g o f of an Interpolatorf and a Decimator t0 @ channel, the columns correspond to a nodesdnthe
g only depends on the ratib/M; the norms/h|, and|h|, do NON-zero entryy; ; specifies the production or consumption of
not change if we multiply. and M with a factork € N+, tokens {; ; > 0 respectivelyy; ; < 0) on channet when node

It is straightforward to derive the characteristic set of is invoked. Letg, be the state of the network (the number
coefficients for a generiDecint( M, L;u) composition. Let Of tokens per channel) anathe schedule vector of which the
f={(0)™-11} andg = {L} be the characteristic set ofentriesp; specify the number of invocations of the respective
coefficients for an Decimator and Interpolator, respectively. ltedes. The right-hand side multiplication Bfwith p yields

this casef andg are balanced ang' is readily formed the state evolutiong,11 = g, + I' p. Thus, the right-hand
, M1 side null spacegy, of T' (I'p, = 0) equals the least-fixed-point

g ={{LH" " {L}}, cumulative schedule. That is, the entrigsof p, specify the

which yields cumulative number of invocation for each noglesuch that

M1 the network returns to its initial state. The right-hand side
h ={(0) L} null space is a necessary condition for the consistency of the
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network, however insufficient for guaranteeing the existen& Explicit context dependence

of a valid static schedule [16]. To study the consequences of the context on the behaviour

of a network we have to some extent interpret the execution

Producer — ? e consumer details of the nodes of that network. In this section we consider
\WJ \ﬁ the network of Figur¢ 14 in some more detail, adding enough
execution details for circumventing lengthy simulations for all
kind of characteristic sets of coefficients.
Fig. 13. SDF synchronous cooperative network. We safely assume that the consumer supplies a control token

to the producer to request a particular mode of operation of
- . . the producer. The consumer is obviously best served when
The incidence matrix of the network of Figujre] 13 equals;{he Sroducer follows these requests searr):lessly. However this
[p —q} (11) is generally not the case, because of the differences in their
-1 1 relative rate at which the consumer supplie§ and the
groducer acknowledge®)(mode requests and the character-
exists only if T is singular, in fact it is known that rafk) |st_|cs_ of the sa_mple rate converter in the feedback loop. With
equals the number of links in the network minus one. THZQIS interpretation we focus on the control. Consequentl_y, the
network is consistent if the determinant of is zero, i.e., producer-qonsumer network equals an I.nterpolator—De_cmator
p = ¢. Thus we have network with corresponding characteristic s?ts of coefficients:
g = {p} for the producer andf = {(0)?7!,1} for the
{p —p} H —0 consumer. The entire network can be analysed through the
-1 1] ’ compositions = ho g o f.

which specifies the cumulative schedule but a constant multi-From Sectiot TIT-C.2 we already know that the composition
plication. This scheme implies synchronous coordinatiop asy © / only depends on the fractiof. Without loss of gener-

and ¢ are tightly coupled. alisation we presume andq to be co-prime: gcgh, q) = 1.
Since we consider a consistent netwdrk= “ we also have

a consistent closed networks|, = \sﬁ. In the sequel we
consider characteristic sets of coefficients for the sample rate
converter whergh|, = v = kp and|h|, = w = k¢, for some
ke N*.

Suppose the feedback system implements a Decimator fol-
lowed with an Interpolatorh = DecInt( kp, kq) . In this case
there is an closed form of = hogo f:

A non-trivial (one-dimensional) right-hand side null spac

Producer

Fig. 14. SDF static asynchronous cooperative network.

_ kp—1 —1

In order to facilitate asynchronous coordination we statically s ={(0)""" 1} o {kgq} o {p} o {(0)*7, 1}
decouple the producer and consumer with a sample rate = {(0)*P71 1} o {kpq} o {(0)971,1}
converter spheme as er|cted in Flg@. 14. The_ characteristic = {(0)*P" 1 kpq} o {(0)7 1,1}
set of coefficients: defines the cyclo-static behaviour 8f |, Ep—1 1 vk

- i ati ={(0)*"" kpq} o {{(0)77,1}"P}

turning the network into acspr network. The cyclo-static
description ofS; | specifies at its input port a sequence of ={(0)**~1, kp},
[h]o x 1 and sequenc at its output port, the peno_d oy, hich depends om and k only. For the control part this is
equals|h,. The producer and consumer have period equal \Qée worst possible behaviour. During the entire period there is
1. The corresponding incidence matrix is constructed using the b ' 9 P

total number of samples per period [16], which correspongsieltlay OI.kpl control tokentsh, bl;t ”:j% Iaskt toketn. ol ;
to v = |h|, at the input port andv = |k|, at the output port. ernatively, Suppose he teedback system Implements

The incidence matrix is then as follows: an Interpolator followed with a Demmator:h. =
IntDec( kgq,kp). Here thek factor can be safely ignored

r -4 since the characteristic set of coefficient of an Interpolator-
Lo (12) Decimator network does not change with The closed
-1 w form of s, in this case, involves two recursive sets. Since
The right-hand-side null space bfis non-trivial if pw = onelIntDec( p,q;u) distributes the number of output tokens

qu. Letr = gedp, q) andw = k4, v = k2 then we have evenly over the number of input tokens of the periodhpf
. composition of two such systems does something similar: The
P —q » k IF? p available tokens are distributed inparts over ther entries
) 1 _kkq? kl; =0, in s. From the perspective of the control this behaviour is
B r preferred as delays are evenly distributed over the period.
which effectively decouples the coordination by a (parame- Mathematically speaking we would defineoptimum for
terised) factor of2. s ={a £ do, - kp—1 % 0kp_1}, wherea — 1 andd — 0,
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under the constraints thatmeets the consistency requirement Producer
|sly = |s|; = kp. The measure for the control lag;) for

each token over the period of namely, equals

Fig. 15. IPCAPN model.

€i:(i+1)—Z|aii6i|§ for0<i<kp
j=0

The average lag is minimised when the energy sofis TxCtrl
uniformly distributed over the entire vector. writeStream

As a more practically oriented example consider an appli-
cation in which the transport from producer to consumer uses
a fixed sizedriro buffer. Overloading of the buffer breaks the
communication. A simple scheme to prevent overloading iSeadstream
the following: The producer labels its output data tokens with
increasing numbers, the label for the next token is maintained
in a counterz. The consumer acknowledges the proper receipt A ey SR .
of data tokens, meaning that once evgrpkens it returns the _
label of the most recently received data token. The produc,Fégl"
maintains a “window” of ¥ tokens. Before sending the next
data token the coordination information is read (lakbelThe
producer subsequently will stop to emit datadf— A > W, D. Related work
i.e., when the control lags more th&li samples, max; > W.

For the static case of Figure]14 we can derive the conditiog
when the producer will stop operating. Consider the ca

that hask a_n1 Interpolator-Decimator feedback .network, thﬂ?nbedded systems. In [18], a select operation is proposed to
s ={(0)"""", kp}, hence max; = kp — 1. In this case the e infrequent events, like a user pressing a button. The
syste_m will not overload theiro if .kp < W. Alternatively select construct is combined with the design space exploration
consider the case that has an Decimator-Interpolator feedbﬂcl:é(thods of [12]. Lieverse et al. use an executable model in
network. Here we have max= [7]. which there is a strict separation between the application do-
main (rN) and the implementation domain (discrete events).
C. TCP/IP example When the methodology is extended with a select construct in

The TCP/IP protocol is a practical example of the foregoingle application domain, this strict separation can no longer be
The diagram of FigurE 15 is a simplifiechpn model of the Mmaintained.
protocol with asynchronous communication and asynchronousThe spi workbench [19] evaluates possible schedules for
coordination. Acapn model of a complete TCP/IP transceiveheterogeneous systensi implements a non-executable (non-
is given in Figurg 16. In TCP/IP, the consumer communicatésnctional) model. The modelling language, much like Kahn
a so-called “window” size. The producer obeys this contegemantics, is a coordination language among components that
information to reduce packet loss due to a transport syst@te allowed to apply different MoCs. Components communi-
overload. In case of TCP/IP, the context information relat@gite with each other throughro buffers or plain registers.
to the degree of filling of the receive buffer. spi establishes the bounds on the behaviour of the entire
Whether or not a devised protocol will operate appropriatefystem. To do sospi requires an extensive abstraction of the
depends onwhen the window-size context information iscommunication, execution pattern, and resource utilisation of
available andvhenthis information is applied at the producereach componentpi uses an explicit communication model,
side. The exact ordering of these events depends on the relatige the availability of data is a predicate to enable process
schedule of consumer and producer. When orackszdinks ~execution. Data dependent control is modelled stochastically
(Figure[I0) are applied, the synchronisation of the coordinatigrith uncertainty intervals whereas\pn hides data dependent
is entirely determined by the properties of the respecti@®ntrol in the respective process nodes.
control streams. FunState[20] is an internal data representation developed
Properties of the control stream define the behaviour wf parallel with spi. FunStatedistinctly separates control and
the network, and vice versa. A specification of the controlata, whereaspy, like capn, does not enforce this separation.
stream constraints the implementation. For instance we damnStateenables methods for formal verification (deadlock
simply extract the maximum number of discarded or replicatdéaee, no overload, etc.) and methods for design and evaluation
packets. Both values give rise to a contielay, which as we of schedules. Likesp, FunState has limited support for
know from control theory may yield an instable system. Oasynchronous coordination.
the other hand, given the producer-consumer processes, thia [21] the synchronous piggybacked dataflow model is in-
maximum value of the delay can be calculated. Any prop&oduced, which targets synchronous state update requests. Un-
implementation must guarantee a control stream that is witHike our asynchronous coordination, the piggybacked dataflow
the bounds of the maximum delay, c.f. the fackgr above. model associates a mode change requests with a specific data

TxData sndChannel

RxCtrl

I
|
I
|
I
|
I
|
I
|
I
) rcvChannel
|

I

|

I

|

16. TCP/IPCAPN model.

Indeterminate primitives such as the merge (or select)
erator have been applied by other researchers. It is indeed
owerful modelling paradigm in modern design patterns for
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token. It extends the static dataflow model by having eac|r] J. R. Russell, “Full abstraction for nondeterministic dataflow networks,”
token carry a pointer to a limited-access global state; per global in 30th Annual Symposium on Foundations of Computer Sciei®89,

s pp. .
state only one process may update the state but infinitely mapy p” panangaden and V. Shanbhogue, “The expressive power of

processes are allowed to observe the state.

In [22] the parameterised dataflow model is introduced[Q]
which might yield an opportunity for conducting more dy-
namic analysis of our models. We considered static param-
eterised models whereas the parameterised dataflow md#dl
allows for dynamic parameter definition and parameter value
reconfiguration.

[11]
V. CONCLUSION [12]

In this paper, we have introduced context-aware process
networks €Apns) as a modelling technique to analyse stream-

indeterminate dataflow primitives,Information and Computatign

vol. 98, no. 1, pp. 99-131, 1992.

P. Panangaden, “The expressive power of indeterminate primitives in
asynchronous computation,” ikRoundations of Software Technology
and Theoretical Computer SciencE95, pp. 124-150.

P. Panangaden and V. Shanbhogue, “McCarthy’s amb cannot implement
fair merge,” in Proceeding of the 8th conference on foundations of
software technology and theoretical computer sciesee Lecture Notes

in Computer Science 338, K. Nori, Ed., 1988, pp. 348-363.

G. J. Holzmann, “The model checker SPINSoftware Engineering
vol. 23, no. 5, pp. 279-295, 1997.

P. Lieverse, P. van der Wolf, K. Vissers, and E. Deprettere, “A method-
ology for architecture exploration of heterogeneous signal processing
systems,Journal of VLSI Signal Processing for Signal, Image and Video
Technologyvol. 29, no. 3, pp. 197-207, 2001.

based embedded systems that are subject to context changglsA. Kienhuis, “Design space exploration of stream-based dataflow ar-

We have shown that these indeterminatens can be trans-
formed to parameterised Kahn process networeng) by 14
concentrating the context aware parts of the network in control
streams. This transformation makes the otherwise indeter ié]
natecapns compositional and traditional analysis techniques,
such as fixed-point analysis, can subsequently be applied to
the resulting parameterised network. [16]

In the general case, analysis ohpPns might require a
numerical evaluation for all values of the context parameters in
the network. However, for a specific example we have showA{!
that a closed form solution can be obtained. Closed for,
analysis requires information about the functional behaviour
of (part of) the network components. The example suggests
that monotonicity of the functional behaviour is a strongg,
requirement for obtaining closed solutions dapns. Further
research is needed to formalise this requirement.
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