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Abstract

Many ACM protocols and systems for classifying these
protocols have been proposed in the literature. One sush cla
sification system, briefly described below, for ACMs based on
their asynchrony properties, can be found in [1].

Formally, an ACM has a capacity, a non-negative integer
constant, which is the number of data items it contains. Each
: data item an ACM contains is either read or unread, at any
1 Introduction time. The basic data state of an ACM consists of the number
In heterogeneously timed systems, data interfaces ofted n%f “”Tead data items it contal_n_s. . . .
to be maintained between subsystems not belonging to _thg\/nte data accesses are d|V|de(_1 |_nto V\_/rltmg ano_l overwrit-
same timing domain. The minimal form of this problem is th@9- Read -d.ata.accesses are divided into reading and re-
unidirectional passing of data between two single-threrael pread|_ng. Wr|t|ng increases the _data state by 1 (one more un-
cesses. When the two communicating processes are not i%ﬁg |tem n t_he ACM) and rgadmg de_c_reases ithy 1 (Qne less
chronized, it is often necessary to pass the data througk s read |t_em in the ACM) while ove_rv_vrltmg and re-re_adlng O.IO
intermediate data repository, usually in the form of sharf§" modify the data state. Overwriting may occ’ur, if permit-
memory. This is schematically shown in Figure 1. Fed by the ACM prot.oco_l, only when Fhe ACM's dat.a §tate
is equal to its capacity, i.e. when all items of data in it are
unread. Re-reading may occur, if permitted by the ACM pro-

shared 5 tocol, only when the ACM’s data state is 0O, i.e. when none of
’ memory the items of data in it is unread.

ACMs are classified according to whether overwriting and
re-reading are permitted. This scheme is shown in Table 1.

This paper presents new algorithms for the Sgnal and Mes-
sage asynchronous data communication mechanisms (ACMs)
and their modelling and analysisusing Petri net techniques.

Figure 1: Passing data via shared memory.

An asynchronous data communication mechanism (ACWble 1 AQM proto<_:o|_s classification based on overwriting
is a scheme which manages the transfer of data between &g ré-reading permission
processes not necessarily synchronized for the purpossaf d

transfer. It is assumed that the data being passed consists o NRR RR
a stream of individual items of a given type. It is also as- NOW Channel Message
sumed that the processes in question are single threadscycle OwW  Signal Pool

one providing and the other making use of a single item of

data during each cycle. The data’s provider is known as thdn Table 1, NOW stands for no overwriting and NRR stands
“writer” and its user the “reader” of the ACM. for no re-reading, etc. The names Channel, Message, Sig-



nal and Pool are given to ACMs demonstrating the respecte&dended models can be found in [9].
asynchrony properties corresponding to their locatiorthén
table. Some of these names have been retained from rel
literature [2].

An important issue with ACMs is the blocking/noniy complex systems, the temporal requirements of different
blocking characteristics by the data state of the access Rkdcesses may differ considerably. Some processes may ex-
cesses. Forinstance, the reader may be blocked from accggsn a very tight temporal regime for real-time and/or sgfe
ing the ACM if there is no unread data in it. critical reasons. For such processes, it is important tobe a

In terms of such blocking of data accessing by the dafpredict their progress with relation to time. This medret t
state, if re-reading is permitted (RR) there is no blockifig ghey are often mapped to hardware controlled by predictable
the reader and if overwriting is permitted (OW) there is ngften rigid, clock signals. Other processes may exist in a
blocking of the writer. If re-reading is not permitted (NRR)ajrly relaxed regime with respect to timing. For such pro-
the reader must wait when the data state is 0. If overwritiggsses concerns of maximizing efficiency, whether of power
is not permitted (NOW), the writer must wait when the daig of sjlicon, may outweigh predictability of their tempora
state equals the ACM's capacity. N behaviour with regard to real-time.

Most published ACMs have non-zero capacities. Specialin many applications, there may be a need for processes ex-
cases with zero capacities have also been mentioned [2]. jsting in real-time and flexible time domains to communicate

Most computer systems, if they do not interface to analogw passing data. This is where the Signal and Message type
or real-time environments, will only use Channels for comycms may be most relevant.

munication, in the form of FIFO/LIFO/RAM buffers. This  Tne pasic definition of Signal treating read and write ac-
is because for these systems, asynchrony is secondary 1q:&es as atomic is shown in Figure 2. Here re-reading is not
preservation of data. These solutions are without datedods allowed, normal writing occurs when the data state is 0 and
repetition so have to maintain some synchronization. We Q@erwriting occurs when the data state is 1.
not cover these well-studied ACMs in this paper.

Pool ACMs have been extensively studied [3]~[7], [9],

??f Petri net definitions of Signal and Message

[11]. The attention of this paper will be focused on the other overwrite |=——= unread
two ACM types. _ ~rea
High-level definitions of both Signal and Message, which write & | read_access

describe the basic asynchrony and data passing requirement
will be given in Petri net [8] form. Algorithmic forms of thes

ACMs, derived from results of hardware synthesis in earlier
work [1], are then described. Detailed Petri net models of ] . o ) )
these algorithms describing all important ACM propertiél w It is obvious from this definition that Signal is most useful

be developed. Then the algorithms will be analysed in detj€ONNecting a writer process which exists in a relativigit
to prove their properties. temporal regime with a reader process which exists in a rel-

atively flexible temporal regime. By disallowing re-reagin

the reader side of the protocol is data-driven. By allowing
2 Signal and Message ACMs overwriting, the writer side of the protocol is event-driver

time-driven. In other words, the writer enjoys temporal de-
In order to describe the relations of asynchrony, data stateoupling from the state of the ACM. Data passing through
reading and writing in the context of ACMs, Petri net [8& Signal may be of the interrupt/exception type, where the
models have been developed. These high-level models gienerator of these requests must be accorded temporal inde-
fine ACM protocols in sufficient detail so that the asynchromendence, and a new request would supersede any previous
and data passing properties are clearly described. requests not yet handled.

For simplicity, all models in this paper assume that the rel- At the same basic level, the Message protocol is defined
evant ACMs have data capacity 1. In other words, an ACM Figure 3. This is a perfect mirror of the basic model of
contains one item of data at all time. This does not repres&mgnal, showing that Message is the dual of Signal. Message,
a loss of generality. Models introduced here can be easily éxerefore, will be most useful in connecting a more rigidly
tended to cover non-unity capacity cases. Examples of théseed reader with a more flexibly timed writer.

Figure 2: Signal with atomic reading and writing.
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. —unread
write |} O read_access
rea re-read

Figure 3: Message with atomic reading and writing.

Figure 5: Message with non-blocking write and blocking read
A new “message” type data item would not be generatadd re-read.
by the writer if previous ones have not been acted on. This

is different from “signals” which are generated regardlets _ -
9 g g and not re-reading and place “nw” denotes not writing and

whether previous ones have been dealt with by the reader.nO overwriting. Onlv when these places are marked and with
These models are sufficient to illustrate the concept beh(i aI 9. y P

the Message and Signal type ACMs which connect two si rI]|e correct data states can the opposite accesses begie- The

es : )
with different priorities for asynchrony and data passing. fore these places specify the blocking by the more tempporall
) : independent access process of the opposite one.
In practice, write and read data accesses are generally pro-

cesses that take time. It is overly restrictive to specifgt th
within an ACM, write and read accesses must be atomic rex2 Data properties of ACMs and slots
tive to each other, as in the models of Figures 2 and 3. In rtﬁgl
implementations, in the interest of enhancing asynchriiny
is often desirable to allow one side to be non-blocking to t
other side, depending on the protocol.

addition to asynchrony, other important properties of
CMs exist, some having been investigated in previous work.
e main data properties include data coherence, data fresh

For Sianal. the d block th ) i hness, data sequencing, data loss and data repetition.
or Signal, the data state may not block the writer. ITthiS p 555 and data repetition are the results of overwriting

non-blocking is extended so that reader data accesses rhay,nq re-reading, respectively, and are inevitable consempse
block the Writer either, the \_Nriter can be made indepencten%.[ no blocking and bounded ACM implementations. Data loss
both the Signal ACM and its reader. On the other hand, t Ecurs with overwriting, which causes one unread item cddat

data state may already bloc!< the reader, it makes sense t0,e¥;5 Ac\M to be never available to the reader. Data repetitio
tend this blocking so that writer data accesses may als&blag, ¢ \ith re-reading, with the reader obtaining an item of

the reader. This extension of blocking may reduce implem%ta it has already obtained in a previous cycle

ta“?’? Size, and p053|_bly enhance power efficiency. Such Data coherence refers to the integrity of individual data
de_f|n|t|on of Slg_nal, with full temporal independence fOEthitems being passed through an ACM. Items of data obtained
writer and plockmg O.f thg reader by both data state and Wmﬁy the reader should not have been modified since their in-
accesses, is shown in Figure 4. troduction by the writer. In other words, data items passing
through an ACM should retain their individual integrity or
atomicity. If an item of data changes between the writer and
the reader, data coherence is said to be lost.

Data freshness refers to the desire for the reader to obtain
read access the most up to date data item in an ACM that satisfies the
read B particular protocol. With a capacity 1 Signal or Message, an

read access should obtain the data item introduced by the las
write access completed before the read access starts.
Figure 4: Signal with non-blocking read and blocking write Both data coherence and data freshness are specified in the
and overwrite. models of Figures 4 and 5. Data coherence is implied by the
non-breakability of individual tokens representing theniner

The corresponding definition of Message, with both readiread and unread data items. Data freshness is implieéin th
and write accesses treated as non-atomic and approprigigating of the data state by both access processes.
blocking characteristics, is shown in Figure 5. In the terminology of multi-slot ACMs [3], a “data slot”

In these models, place “nr” denotes the state of not readia@ unique portion of the shared memory which may contain

unread
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one item of data. It is obvious that a Signal or Message in tianage the steering of the writer and reader to the apptepria
form of Figures 4 and 5 cannot be implemented with only ostts. An additional binary variablgis used as a “guard” to
data slot, since one slot cannot possibly support writingj aprevent read data accesses to start in the middle of a witibe da
reading at the same time and guarantee data coherence. access. The writer process progresses through these stgps:
In ACM implementations with more than one slot, it is ndiguard up); wr (write data access); wg0 (guard down); wO
possible to maintain strict data freshness and the kindlbf f(writer slot steering); next wg; etc. The reader procesgias
temporal independence provided for the writer (readerhiey tfollowing steps: rO (reader slot steering); rd (read datzeas
definition of Figure 4 (Figure 5) at the same time [3]. Thimcorporating waiting).
accepted practice is to put priorities on the propertiese Th

most natural system puts the asynchrony requirements first, writer reader

data coherence second and data freshness third. In anysyste

with data freshness requirements being relaxed, it is itapdor wg: g:=1 r0:r:=7

to monitor the data sequencing behaviour. wr: write slotw  rd: if* w # r andg = 0 then
Data sequencing is somewhat related to data freshness. It wg0: g := 0 read slotr

is maintained if the data items obtained by the reader has the WO: w :=T else wait

same sequential order as that provided by the writer. If an i i )

ACM implementation is only able to maintain relaxed data Figure 6: Algorithm of 2-slot Signal.

freshness, it is preferable if it also maintains data seginen ) . )

For ACMs that can maintain the strictly defined data fresh- The guardg is 1 during any write data access (wr). By

ness, data sequencing is obviously automatically maiegain Monitoring this variable the reader does notinitiate a ekt
Previous work has indicated that it is desirable to minimiA¢cess (read slot) when a wr statement is in progress.

the number of slots in multi-slot ACM implementations [7]. For slot steering, statement w0 prepares the next write data

The advantages include smaller hardware expenditure Im b3¢Cess by setting the writer control variableo the comple-

slot memory and control circuits, leading to better tempor@entvalue of-, while statement rO prepares the next read data

performance and higher hardware reliability. access by setting the reader control variatie its own com-
Most of the software solutions in the literature also speR¢emMent. Thus w0 implements a measure of avoidance so that

considerable effort in the reduction of the number of slofd€ Writer tries not to access the same slot the reader may be

needed for any particular ACM specification [3]~[6]. accessing, thus improving dqta coherence. And ro |nd|cat(_as
It is therefore important that solutions with just two datf!® desire of avoiding re-reading and enhancing the probabi

slots be found for both Message and Signal if possible. Ity of maintaining data freshness. _
The data access statements (wr and rd) demonstrate the dif-

ference between the two sides. Since writing is always al-
3 Signal and Message with two slots lowed, statement wr specifies writing to sletin all cases,
without regard to the data state or the situation of the neade
Circuits for 2-slot Signal and Message ACMs have been siitewever, reading is only allowed when the data state is 1 and
cessfully synthesized in related work [1]. Based on these ¢he writer is not in the middle of a wr statement, so statement
cuits and following the conventionsintroduced in [3], weda rd is a choice of either waiting or reading from stotlepend-
developed 2-slot Signal and Message algorithms. ing on the current values af andg.
Reader or writer must be directed to a correct slot beforeAt the beginning of statement rd, if # r, the writer is
any data access. This must be accomplished through steegitiier ready to access skotor accessing it, or has just com-
mechanism provided by the ACM. It is desirable to keep supleted such an access but has not been able to indicate this
a steering mechanism simple and its actions as near to atoooicipletion to the reader by the next w0. This implies that
as possible. In digital systems, the actions nearest toiatosiot » contains the latest data item in the ACM known to the
are the setting and resetting of a binary variable. reader, and should therefore be accessed provided the guard
A 2-slot Signal algorithm is shown in Figure 6. In this algofy) condition is correct, statement rO having made sure that
rithm, each of the reader and writer access proceduresstensilotr is not the one accessed by the previous reader cycle. On
of consecutive statements which are assumed to be execthiedther hand, ifv = r at the beginning of rd, the writer is ei-
in a forever loop. The two data slots are labelled slot O attter ready to access shataccessing it, or just completed such
slot 1. Two binarycontrol variables, w andr, are used to an access but has not been able to indicate this completion to
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the reader by the next w0. This implies that sfotontains writer reader
the latest data item in the ACM known to the reader. Since

statement r0 means that sltwas the slot accessed during wr: write slotw  r0:r:=7

the previous reader cycle, to avoid re-reading the readet mu WO w =T rd: if* w # r then

be made to wait, untiy changes. read slotr
else wait

In hardware with self-timed circuits, such waiting can be
made very energy efficient, the change of sigmaprovid-
ing the “trigger” to reactivate the reader part of the citcui
[1]. In software implementations, such waiting may be imple
mented with polling or effective polling (de-schedulingdan
re-scheduling of the reader task in a multi-tasking eleent
In this case, the “if*” construct acts like “while” loops. M6

Figure 8: Simpler algorithm of 2-slot Signal.

writer reader

wr: if* w # rthen r0r:=w

; I X write slotw rd: read slotr
ever, by using “if*” instead of “while” here we want to em- else wait
phasize the desire to move away from polling as much as pos- WO w = T

sible. Upon termination of the wait, which is caused by a
condition of the “if*” construct having changed, the reader Figure 9: Simpler algorithm of 2-slot Message.
continues rd, i.e., carries out the read slaiction, rather than

jump to the next rO without reading. This is true for all “if*” . .
constructs in this paper. 4 Modelling and analysis

Petri net models of the Signal and Message algorithms pro-
posed in Section 3 have been established for the study of
all the important properties including the asynchrony iegtu
ments and data coherence, freshness, and sequencing. The

writer reader

wr: if* w #randg=0then r0: r:=w

é’;’;gewiﬁt“’ r?d gré; dlsl ot ultimate goal of this study is to find out if the algorithms

WO e T rgd' g0 correctly implement the definitions given in Figures 4 and 5.
U o These models are mainly in basic P/T net format with addi-
Figure 7: Algorithm of 2-slot Message. tional techniques employed to simplify the modelling.

The algorithm for a 2-slot Message is shown in Figure 4.1 Or-arcs

This is the mirror image of the Signal algorithm of Figure €y _arcs [11] are an extension to standard Petri nets for the
All arguments for the Signal algorithm can be reversed agfl;qse of reducing model size without affecting model func
applied to it. tionality. In the construction of safe, cyclic Petri net netsl

In the interest of simplifying the mechanisms, we havgith reference arcs (arcs with arrows at both ends, simulat-
tried to use the smallest number of binary variable assigiimgg a pair of arcs pointing to opposite directions between th
statements in building the steering and guard mechanisgime pair of transition and place), multiple transitioresraor-
However, if the asynchrony requirements can be slightly rgrally required to remove a token from places representiag th
laxed, much simpler algorithms may be used to implem@irevious value of a variable. Figure 15 contains an example
Signal and Message, by eliminating the guard mechanismofthe use of or-arcs. A transition connected by or-arcs to
the case of Signal, if the reader is allowed to start read d@ialtiple places takes a token from one and only one of the
access in the middle of a write data access, provided noéto {flevant places to fire (exclusive OR). Graphically or-ames
same slot, the simplified algorithm shown in Figure 8 may k@own as arcs with a dashed line rather than the standaed soli
adopted. Similarly, a dual algorithm for Message is shownife, and linked using another dashed line indicating theRXO
Figure 9. set. Multiple sets of or-arcs can be used, which is when or-

None of these algorithms can be regarded as valid basedars provide the best model reduction. The use of or-arcs can
the reasoning presented in this section alone. They will belp reduce human error in the construction of large, comple
formally modelled and analysed in the following sections fanodels. In the example in Figure 15, the two “end wr” tran-
the important asynchrony and data properties. sitions replace six transitions required in the equivateadi-
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tional P/T net model. Or-arcs do not introduce any additionane each for the writer (top line) and reader (bottom line).
modelling power. They just make models more compact fBor the writer time line, the duration labelled “wr” is therte
easier generation and reading. taken by statement wr and the duration labelled “w0” is the
time taken by statement w0. The arrow pointing to the end
o of the “wr” duration means that at the end of wr, the slot just
4.2 Monitoring subnets written into is set to “fresh”. “Fresh”, together with “vali in

Once the Signal and Message algorithms have been migures 12 and 13, are m(_)nit_oring stat_es set and reset fbr eac
elled in Petri nets, they need to be tested for the asynchr&ifj} PY the freshness monitoring net. Figure 11 shows the cas
and data properties mentioned earlier. This is performed f%a 2-slot algorithm where when one slot becomes fresh the
adding a monitoring subnet for each property individuallfther one automatically becomes not fresh. For algorithms
Each monitoring subnet connects to the main model via ref&ith more than 2 slots all other slots would be set to not fresh
ence arcs, thus not affecting the operation of the main model
Since the properties being monitored are modified by each al- wr ‘ wo
gorithm statement, the model of a statement needs to be in o

T write is set to fresh

other slot is set to not fresh
|

an atomic unit with its relevant part of the monitoring sub-

nets. It is possible to achieve the effect of such atomicjty b

the use of an “enable” place: The model of each algorithm 0 rd

statement takes the token from place “enable” which is not

placed back until the monitoring actions related to thigesta read should be fresh

ment have been completed. read is set to not fresh
Coherence is maintained if the reader never obtains a data

item which contains parts from different items provided by

the writer. The reader and writer never accessing the same

slot at the same time is a sufficient condition for coherence. .o reader time-line the arrow points to the beginning

.R’.eading from and writing to a pa”icu""}r slot are states exr rd, indicating that strict data freshness is maintairfeat i
plicitly represented by places in the main algorithm modgfe peginning of an rd the slot to be accessed is fresh.

The subnet monitoring coherence is shown in Figure 10. Hfrpis"ing of strict freshness is, however, not possible to

both the reading from sll(.aar!d the writing t(? sloa placgs are achieve if the statements r0, rd, wr and w0 can interleavie wit
marked 'Fhen the transition is enabled which Wheq f'fe‘?' PWSch other, i.e. a possible sequence of execution could be wr
a token in the “coherence lost” place. All potential fa|lur?0' wO, rd. Realistically, in the convention of [3], the data
mo_(_jes for da_ta coherence can then be found_ thr_ough re%?gghness requirement needs to be relaxed when there is an
ability analysis. The operation of such a monitoring Sub.”%(/?rlap between the writer post sequence (w0) and the reader
becaus_e of the refe_rence arcs, _does not_affect the runnm%t‘é-sequence (r0). In other words, since the reader selects
the main model net in reachability analysis. a slot to access with rO and the writer indicates its slot se-
lection with w0, strict data freshness should not be reguire
reading sIoaQ when these statements do not form atpmic groups with their
- >|—>Q coherence lost respective dat.a access statements. This requed dataésssh
writing slotaQ is shown in Figure 12 and is in the convention of [3]. This
form of data freshness was also discussed in depth in [7] and
[11]. Figure 12 shows the addition of the arrow at the start of
Figure 10: Monitoring data coherence the read pre-sequence which sets to not valid for all slots ex
cept the slot which is fresh, i.e. the last one written. Agjlon
Data freshness refers to the desire that the reader doesasahe reader obtains the data from this slot or a newer item,
obtain stale data. Strict data freshness is maintainedibaly relaxed freshness is maintained. The additional state isli
the beginning of every read data access (rd),;st@intains an needed to keep track of relaxed data freshness.
item of data which is the lastitem to be completely writted an The subnets modelling the events at the arrows need to be
indicated by the writer process. The test for this is desttibmade atomic with the models of their related statements, re-
in Figure 11. Figure 11 contains two independent time linegjiring the “enable” place as described above.

Figure 11: Checking strict data freshness for Signal.
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wr WO wr strtwr writing0  endwr w0

write is set to fresh & valid
other slot is set to not fresh

|
|

o | wa |
|

|
|
read should be valid

clear valid ;
read is set to not fresh

except fres
Figure 12: Checking relaxed data freshness for Signal.

The scheme for testing the data freshness property of the
Message is shown in Figure 13. Monitoring subnets have also
been constructed for data sequencing etc.

Figure 14: Model of one of the slots of the 2-slot Signal.

the potential of control variables not working as desigried.
other words, if either place “slotO read” or place “writirig0
is ever simultaneously marked with “r=0" and “w=1", these
monitoring subnets will catch it in reachability analydis.on
éhe other hand, the algorithm conforms with the specificgtio
these transitions should never fire in reachability analysi

The model for read/write accesses of slot 1 is exactly the
same shape as Figure 14, with the appropriate label changes.
4.3 Modelling Signal algorithm statements The models for setting and resetting binary control vagabl
(és:[atements r0 and wO) follow the Petri net modelling conven
Igns of such actions and are not shown here [9], [11].

read should be valid

wr ‘ wO
- _ 14 is provided to monitor the cases of potential start reqdin
write is fresh & valid . .
. slot 0 when it has a data state of read. Since all asynchrony
other slot is not fresh . L
and data properties are supposed to be maintained by the con-
10 ‘ rd trol variables, these transitions must be provided to neonit

clear valiuT
except fresh

Figure 13: Checking relaxed data freshness for Messag

In Figure 14, the main model of the read and write data

cesses of slot 0 of the 2-slot Signal algorithm is shown. T

monitoring subnet for re-reading is also included in thig-di

gram. Places “wr", “w0", "rd” and "r0" denote the “ready”4 4  Modelling Message algorithm statements

state for the relevant statements. Transitions with “sdrttl

“end” in their names represent the start and end of the reldie main model of the read and write data access of slot 0

vant statements respectively. The place “re-read0” besonoé the 2-slot Message is shown in Figure 15. The monitor-

marked if re-reading happens on slot 0, which is how readhg subnet for overwriting is included in the diagram. Place

ability analysis can show up possible faults in the design ‘@vwr0” becomes marked if overwriting occurs on slot 0. If

the algorithm with regard to the asynchrony requirement ivfis ever marked in reachability analysis the algorithm has

no re-reading. fault in its design with regard to the asynchrony requiretnen
The top “strtrd” transition in Figure 14 is provided to monef no overwriting.

itor the cases of potential start reading slot 0 when theawrit The same concerns raised in 4.3 have been catered for here

is in the middle of writing slot 0. This transition is neededith similar subnets. The “endwr” transitions in Figure I8 a

because in this situation the main model of the slot showslahtly different from the “endrd” ones in Figure 14 becaus

data state of neither read nor unread because of the waytlieelocal data state of read/unread is updated at the start of

writer is modelled. The middle “strtrd” transition in Figair read access and end of a write access.
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4.6 Analysis results

wr SUMWE \writing0

;I 3 O The overall models of both the original algorithms (Figuges
: and 7) and the simpler algorithms (Figures 8 and 9) are used
in reachability analysis with the monitoring nets to catoly a
“bad states” for violations of the required asynchrony aathd
properties. The results from this analysis show that neithe
slot0 the original algorithms violates the asynchrony requirataee
unread In other words, the Signal algorithm supports write data ac-
cess at all times but causes read data accesses to wait when
the writer is accessing and when there is no unread data in the
ACM, while the Message algorithm supports read data access
O_,IL,Q_, at all times and causes the write data accesses to wait under
rd strtrd  readingd  endrd ro the prescribed conditions.
For both original algorithms, there is no violation of data
coherence. In other words, reading and writing the same slot
Figure 15: Model of one of the slots of the 2-slot Messageat the same time never happens.
For both original algorithms, there is no violation of data
freshness for the relaxed definition of freshness introduce

4.5 Modelling the reader and writer cycles earlier. However, as expected, neither original algorittamn

Each of the mechanism algorithms consists of two cyclic sné]?mtain freshness in the strict sense.
9 Y Because strict freshness is not maintained by either aigin

que_ntlal processes conn(_acted with each o_ther only thrdWghf;[llgorithm, data sequencing was tested. It was found that bot
setting/resetting and testing of control variables as agthe

possible waiting of the less temporally independent sidigh W0r||g:;|nat[lhalg(_)rlthlms r?aln_ttim da_tta seql;encljn?ﬁ t thev d i
the statements modelled with “ready” places followed by -orthe simpier aigorithms, 1t was found that they do no
sfrictly observe the asynchrony requirements, in the strae

statement subnet which can be treated as a virtual transi o brocess with the weaker temporal independence is aflowe
at a higher level, an entire mechanism can be represente rb P P

these subnets assembled into two state machines. Thisech ttart data accdesses ;Nh”e th(caj.(t)_ther Sllzde g n tr:(ihmlt_jcﬂe of

is shown in Figure 16 for the Signal algorithm. The model f Ala access under certain conditions. or signal this 13-a pa
: S 1al violation of the definition in Figure 4, which specifidsat

the Message algorithm has a similar structure.

write accesses block read accesses. The same can be said, in
reverse, for Message. However, these algorithms do maintai
data coherence, indicating that as expected, these as@asse
directed to different slots.

Similar to the original algorithms, the simpler ones do not
maintain strict data freshness, but do observe the relaatzd d
freshness requirements shown in Figures 12 and 13.

Undesirable operating modes of the algorithms have been
found during the analysis by studying the state trajecsorie
from the reachability analysis. These relate to the ingbili
to maintain strict data freshness. For the Signal algor;tfim
the distance in time between wr and the next w0 statements
is large relative to the speed of the reader, long waits may
be forced on the reader. If the distance in time between r0
- » setting and the next rd statements is large relative to the speectof th
—~— referencing writer (for instance, if many complete cycles of the writér fi
into such a gap), very old data may be read. Reading such old

data, although not violating the more relaxed data freshnes
Figure 16: Overall model structure for the Signal algorithmrequirement, can be very bad in practice.




Since there is no assumption about the relative speedslots.
the reader and writer processes, these undesirable apgerati An algorithm using three data slots and ternary control
modes are a real concern. By ordering the algorithms in thariables have been developed based on experiences gained
way of Figures 6, 7, 8 and 9, the desire to avoid such modksough the development of the two slot ones. This algorithm

as much as possible is made clear. is shown in Figure 17.
The algorithms have also been found to be slightly sensitive
to initial conditions. When the writer and reader processes writer reader
assumed to start from the state with their respective fiesest
ments being “ready”, if the initial values of variablesandr wr: write slotw  rO: if* r # [ then
are the same, there is the possibility of the unnecessasy los wO0: [ :=w ri=1
of data for Signal and the unnecessary repetition of data for wg: g:=1 else wait
Message. Such unnecessary loss or repetition happens only wl: w := —(l,r) rd:if* w # r andg = 0 then
once and after the ACMs settle into steady state operatfon (a wg0: g :=0 read slotr
ter both reader and writer have performed at least one entire else wait
cycle) they will never recur. Nor will they happenf andr _ ) )
are initialized with different values. Figure 17: Algorithm of 3-slot Signal.

All the above analysis results are from models which as-
sume that the control variable statements w0 and r0 are atomiUsing the same techniques introduced earlier, this algo-
with respect to the opposite side. In other words, an r0 canfi§Ym has been modelled and analysed. The analysis proved
be interleaved into by any writer statement and a w0 canfiddt it maintains all the required properties, except sttata
be interleaved into by any reader statement. With proper pfeeshness, under all modes of asynchrony. This is also true
tection of these control variables, which only incurs a ve#yhen the statements are regarded as non-atomic. Signifi-
insignificant penalty in asynchrony, this can be accomptishcantly, this algorithm behaves as a capacity 1 ACM in all its
at the level of hardware [1], [7]. operating modes.

If these control variable statements cannot be regarded as
atomic, however, the simpler algorithms would fail to mainx
tain data coherence and data freshness in certain sitsatirb1 Summary and future work
The original algorithms, however, do maintain data cohegen

and the relaxed data freshness under such non-atomic ass w classification system for ACMs was introduced. Petri
tions. net definitions of Signal and Message ACMs were described.

Algorithms for 2-slot Signal and Message ACMs were de-

signed. These algorithms were then proved with the help of
5 Three-slot Signal algorithm Petri net models to uphold all of the property requirements

from the mechanism definitions except for strict data fresh-
The two slot Signal algorithms, when operating in some of thess and in the case of the simpler algorithms, certain types
undesirable modes mentioned in 4.6, has an effective dataafavaiting.
pacity of O rather than 1. This happens when there have beefihe analysis results for the simpler algorithms can be ap-
repeated overwrites on a slot while the reader is occupyiplied directly to the hardware solutions described in [1] be
the other one. If the reader finishes the data access and tarse these algorithms are a direct translation of the hard-
comes back for another rd, and if now the writer happensware implementations. In these hardware implementations
be in the middle of a wr, the reader is forced to wait for théae control variablesy andr are protected by arbiter-like el-
current item being delivered by this wr, because those delaments, making their setting and reading atomic processes.
ered by previous wr's have been overwritten and lost. FoiThis means that the hardware solutions described in [1] suc-
strictly capacity 1 ACM, in this situation the reader shobtl cessfully maintains coherence and relaxed freshness.
allowed to pick up the item delivered by the previous wr (the The two slot Signal algorithms have been found to behave
current wr, not having completed, should be unknown to ths a capacity 0 ACM under certain operating modes. To obtain
reader and therefore the data item from the previous wr maspure form of capacity 1 Signal, a three-slot algorithm has
be viewed as the unread item if it has not been read befot®en developed. It has been proved to maintain the important
However, this is not physically possible with only two datproperties by using the same Petri net based modelling and
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analysis techniques.

(6]

More work is needed to obtain a more complete under-
standing of the relationships between the various types of
ACMs and how they may be combined to form new commu-
nication links for specific requirements. Quantitativedstis
of Signal and Message ACMs, similar to those done for Poal

ACMs in [12], may be carried out as part of this work to help[7

build a clearer picture of how ACMs work and how to make
the best use of them.

There is also scope for further investigation in how to im-
plement ACMs using multiple slot techniques with capasitie
other than 1 and between more than one reader/writer pairs. A

process of synthesizing ACMs from requirements, rathen thag

the design and verify approach presented here, is also being
developed.

v
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