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Concurrency in Software Systems

L. INTRODUCTION

A large program such as an operating system, a compiler, or a real-
time control program is a Precise repregsentation of a aydtem composed of
many interacting parts or modules. Due to the size of these programs,
it ia eseential that the parts be tepresented in guch a way that the
descriptions of the partsa afe independent of the Pattern in which they
are interconnected to form the vhole system, and so the behavior of each
part ig unambigucus and correctly understood regardless of the situation
in which it is used. For this to he possible, all interactions betwesn

System parts must be through explicit points of communication established

by the designer of @ach pare,

If two parts of a Syatem are independently designed, then the timing

of events within one part can only be conatrained with reapect to events
in the other part as a result of interaction between the two parts., So
lbng 43 no interaction takes place, eventa in two Parts of a system may
proceed concurrently and with no definite time relationship among
them. Imposing a time relation on independent actions of separate

parts of a gystem iz a common 8ource of overspecification. Tha
result {s a system that is more difficult to comprehend, troublesome to
alter, and incorporates unnecessary delays that may reﬁuce per formance.
This reasoning shows that the notions of concurrency and asynchronous
operation are fundamental aspecta of software systems.

In this lecture we conaider a model for syatems viewed as collec-
tiona of concurrently operating subsystems that interact with ene
another through specific disciplines of commmunication, In many cases,
we desire that such a system have a behavior that {is reproducible in
Saparate runs when presented with ths same Input data. This pProperty
of systems 18 known a8 determinacy. We shall present and illustrate an
important result that {f interactions between subsystems obsy certain
natural conditions, then determinacy of the subgystema guarantees
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detearminacy of the whole system. We conclude by illuatrating the ap-
Plication of this result to Syatems of concurrent processes that inter-
act by means of semaphores using the primitives P and V of Dijkstra.

2. FETRI NETS

During the discussion we will illustrate concepts by reference
to particular examples of systems. Since we have found it con-
venient to uge :he-formnlinm of Phﬁri'neﬁs En réprasant these examples
of syatems, we begin with a brief introduetion to the notation and
aemantics of Petr{ netas.

A Petri net [1, 2, 3] is a directed graph with two types of nodes
called placeg and tranpitions. Each arc must go from a place to a tran-
gition or from a transition to a place. In drawing a Petri net, places
are represented by circles and tranaitions by bars as in the example
shown in Pigure 1, Places from which ares are ineident on e transition

£

Figura 1, A Patri nee,
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are called input places of the transition, and places on which arcs
from a transition terminate are called ics output places. Each place
may hold zero, oné, or more markers or tokens. An arrangement of markerg
in a net ia called a macking of the net. A Petri pet Tay assume any
series of markings consistent with the following gimulation rulas:
L. For a Petr{ net and & marking, each trangition which has at
least one token 1in each of its input places is enabled.
2. Any enabled transition may be chosen to fire,
3. Firing a transition consists of removing one token from each
of {ts input places and adding one token ro each of its output

places,

Figure 2 shows a fequence of markings for a Perri net resulting from
the firing of transitioms in the sequence a,c,e F. Nbee that this firing
séquence returns the net to its original marking. !

A marking of a Petri net is said to be safe if no simulation of the
net, starting from the given marking, yilelds a marking in which some
rlace holds igore than one token, In a4 net having a safe marking no
transition i; ever enabled when tokens are pPresent in any of fts ocutput
Places. A marking of a Petri net ia live if, for any marking reachable
from the given marking, there is g firing sequence that will enable any
transition of the net, Liveness of 8 warked Petri net requires that no
part of the net ever reach a condition from which further sctivity of the
part is imposaible, Thi Petri net fn Figs. 1 and 2 is both live and
safe for all of the markings shown. |

1f simulation of a Petri net teaches a mnrkinj for which two tran-
8itions are snsbled that shere an input place, the two transitions are
sald to be in gonflict over the token in the shared place. In Fig. 2a

tranaitions a and b are in conflice at place 1. In this case, the con-
fliet is resclved by making an arbitrary deqisiOn a3 to which trensicion
is to recefve the token in place 1, hence this sort of conflict is

called a frea choice.
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(d) (c)

Fix_ur‘a 2., Simulatiom of & Patri net,
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3. sysTEmg

In Figure 3 we ghow a gyatem S with m inlets and n outlets, The
inlets are points at which the aystem receives signals from other s$ys-
tems or from the anvironmant E in which the syatems operate. The outlets

—— —_—1
inlets J 2 2 > outlets
- S -

Figure 3. A gystem.
ara points at which the system smits signels for raception by other gya-
tems or the envirommant. An alphabet of possible signals is associated
wicth each inler or outlet of the system, '

Suppode aystem 8 beging operation from some internal configura-
tion Co and makea trangitions to successive configurations °1' 02,. .s ,ck, .
In gome transitions eymboles are absorbed at certein inlets; in ather
transitions symhbols are delivered at outlets, Suppose the system has
reachead configurarion C;- During the activity from Cy to t.‘.1 goma defi-
nita sequence of signals was abosrbed by S at aach inlet, and some defi-
nite sequence of Bignals wes delivered at each outlet, as shown in Fig-
ure 4. The array of input sequences U 18 called an input of the syetem;
the array of output sequences V ig a corredponding Sutput of the ayg-
tem.

In th:‘.-a way, the behavior of a System i3 given by a binary
relation Rs containing each pair (U, V) such that S has soma finite
activicy, starting from configuration C s during which it sbsorbs
the input array U and emits the output array V. B
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inlets - input array U
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Jutlers , output array Vv

NIXYySyxyz

Figure 4

The domain of Rs consists of all inputs that can be abaorbed by 3
during some activity starting from CO. The domain does not include
all possible arrays of finite sequences because 5 may cease absorbing
signals at some inlets either temporarily or permanently. The range of
the relation Rs containg each output § could emit for soma input,

Let us consider some gimple examples of systems to become familiar
with the kinds of behavior that may occur. The system of Fi.gura_ 5,

shown i{n its inicisl configuration, tranemits the pair of signals x,y for

inlat 1, [a outlet 1.

Figure 3,
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each signal received at its inlet, Correaponding to the input
1.

the ocutput may be any one of the three possibilities:

In this cagse, a bounded input can yield only bounded outputa. Figure ¢
shows a system that can have unbounded OSutputs for certain bounded inputs.

x
[ 1.
N ¥y
L i
b —
. z| 2.
J

Figure 6.

For the input

1. _'

the output may be any member of the i{nfinite get of Rrrays

1. 1. L |xy Lixyx] ...

2. (=]  2.[3] 2% 2, |2
The example in Figure 7 gshows how the order in which input signale are
absotbed at different inlets may vary for different runs of a ayastem
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Figure 7.

without affecting the sequences that are emitted at each outlet., Two
input-output pairs are shown below:

l. laba 1. 1b
2. [x 2. |[xxx

1,
2. EI 2.
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4. DETERMINACY

Naxt we introduce the ultimate gutput Y of & gystem S for some
presented input X. e imegine that the symbol sequences of the arrgy
X are made available for absorption at the inlets of 3. SYome of thege
Sequences may be infinite, Then an asgociated ultimate output of §
is an output array Y emitted by advanecing the activity of § as far as
Possible without absorbing input symholg beyond those in X. (In this
activity, ic may be that S does not absorb all of X,) To state this
precisely, let ug gay that two sequences (possibly infinite)

X Xy eny Xy, .
T Yar «cuy Fr ==
are similar {f x = yi'for each index such that both X; and y, exist.

Two arrays are Similar 1f corresponding rows are simflar, Then Y is
an ultimate output of § for X if and only if

U, v) € Ro
U a prefix of x implies V 45 o prefix of v
V aimilar to v

Some examples of ultimate outputs for the Systems shown in Figures 5,
6 and 7 arg given beloy:

glgggg. Rresented inpue X ultimete output ¥

5 L [5] ;’2

6 1. [ba] 1, E‘yxyx.?.....

In these systems, there i3 a vnique ultimate output for each presented input.

call any system having this Property a determinate System. Some examples
of ayatems that are not determinate are shown in Figures 8, 9, and 190. -
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Figure 9

1. [. x
1.
y
! O i
Figure 10
figura pregentad fnput Iultzi;ng;a outputs

8 1. [a] L. [x] 1 3]
9 I.E] 1. | 1. [x]
IQ 1. .1.@ I.Ixxxx....
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5. COMNECTED SYSTEMQ

In the examples of systems used above, arrival of a signal at an
inlet cccurs when a marker is put in one of the places of the inlet, We
assume that no further Input signals arrive until the system absorbs the
signal by removing the marker from rhe place. An ocutput aignal ia
emitted when the fystem puts a marker in one of the places of an outlet.
We assume the marker ig immediately removed by the environment in which
the aystem operates,

Suppose a finite collection of systems [Si] are agsembled to form a
larger system § by aspectfying associations of cerrain outlets and inlets,
as 1llustratced by Figure 11, ¥ea may define the input-output relation Rq

Yo Y

N y

Flgure 11

for the composite system by employing the following convention regarding
the inputs and outputs of the constituent systems:

3uppose aperation of § has reached a point where § has absorbed
input U and emitted output V, and each subsystem 31 has absorbed input
Ui and emitted outpur V,, Then, if outlet p of 3, is associated with
inlet q of Sj’ the qth row of Uj mist be a prefix of the pth row of V..
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If tha ptﬁ inlet of Si i3 specified to be qth inlet of $, then row q of
X and Ttow p of xi mst be identical. TIf the pth outlet of 5, is
specifiad to be the qth outlet of X, then row p of Yi and row q of v
must be identfcal.

Using these conventions for defining the behavior of asgemb led
systeams, Patil [4] has eatablished this important resule:

Theorem A system S formad by the sssembly of systems {si.} is deter-
minate i{f each system 31 is detsrminate. That is, the class of
determinata systems is cloged under the operation of Adaembly,

If, in an assenbly of systems, outlet p of S1 is gssociated with
inlet q of Sj, then more signuls may have been emitted by outlet p than
have been abmorbed by inlet q. Thus, to apply the above result, we must
connact outlat p to inlet 4 in such a way that 8ignals emitted by p are
fed to q in exactly the same order, and no signals are lost. Two ways
of accomplishing this ere:

1. Insert an FIFO queue af unbounded capacity betwaen cutlet
P and inlat g to hold sigoals smitted by p but not yat
absorbed by q.

2. Prevent S, from emitting a signal at outlet p until the
Previous signal emittad has been absorbed by Sj at inlet q.

Supposa outlats are connected to inlets by means of unbounded queues.
Then an event that emits a 9ignal at an outlet enters the signal in the
associated queue; an evant that absorbe a signal at an inlet removes a
signal from the queus, and can only occur 1f the quaus is not empty.
Under this communieation discipline, the Theorem shows that intercomec-
tions of determinate Systems are nacessarily daterminate,

To prevent a system from enitting signals before a previous signal
has baen absorbed, it is sufficient that an assembly of systems iltisfy
the following condition:
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g:congigibn: For each asaociation of an outlet p of soma st with an
inlet q¢ of gome Sj, the asgembly $ must contain a path from
inlet q to outlet p by way of systems in {S } and the environ-
ment of S such that each gignal emitted at outlec P requires
the prior absorption of a signal at inlet q.

Figure 12 is an example of an assembly of systema that satiafies the
a~condition. If {t can be verified that an asgembly S of systems satis-
fies tha o~condition, then the Theorem Suarantees that 8 {s determinate.

( 5, R4 B

- J J

Figure 12
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There is an important scheme for interconnecting systems that guar-
antees that the o~condition hold for the resulting syatem. The only
kind of connection parmitted between systems {s g lfnk that connects an
Qutput port of one system to an dcput port of another as shown in Fig-
ure 13. Each port consists of an inlet and an outlet, Systems are re-

——— e
output input
port port
. e ——e
system 1 Syatem 2
ftzure 13

quired to obey the discipline of--mitting a signal at the outlet of a
port only afrer receiving a signal at the associntad‘inlec. In the
initial configuration of 4 Systam, each output port s considered to have
Just received a (null) signel, and is Preparad to emit a signal at the
outlet of the port. Each input port is prepared to absorb a signal at the
inlet, and will not emit a 8ignal at the outlet until a signal arrives at
the inlet. Ws call syatems that commmnicate &ccording to this discipline
B-systems. Since any P-syatem satiafies the y-condition automatically,
and any intarconnection of B-systems is algo g B-system, the Thearem shows
that the class of determinats B-syntems is closed under interconnection.

Ffom-rtgure 14 we sae that, since a FIFO queue L{a a determinate
B-system, it 1a also true that determinate P-aystems interconnecred by
queues yleld determinate f-systems,
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) o

—..C\ 1
. inlet
FIFQ :
0 r—o queye —h-o a
o1 I T s
- ] J
outlet l__a a ] outlet

_ _

A sequential procesgs may be represented by a Petri net.
ample is shown in Figure 15

An px-
. Since there 13 one site of control,
only one marker is ever present in the Petrt nat, Such Petrl nets ara

called gtata michines. The location of the marker corresponds to the
notion of 'program counter" in 4 conventional computer.

{a) bloek diagram (b) Petri net

Figure 15
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The synchronizing primitives of Dijkstra (5],
the interaction of paira of processes,
The number of markers in place 5 repres

48 used to controi
may be represented as in Figure 16,

ents the value of the semaphore.

) (T

Via] Pis]

) —

Figure 16

Suppose n fequential processes inte
finad in Figure 17,

censes is determinace

ract only in the twg ways de-
Our development shows that such a system of pro-

. (a) FIFQ quaus

O FIFO Q

{(by pB-link

P(s] Pls2

write \NM
receive

Vial

Figure 17
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