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Notes on Deadlock Avoidance on the Train Set

0. Whilet discussing the work that Phil had done on deadlock avoidance

(bzsed on buffer assighment techﬁ_igues) in store and forward messope net-
works, we triéd and failed to find some way of using the ideas involved to
provide o scheme of -ﬂendlock svoidance for our train set. {(Each etation
_csn-hold buf one train, i.e. has but one platform {buffer) to allocate.)
However, we then embarked on a brief but en‘ergétic and intenaive explors-
tion of .ﬂeudlo«;k ovoidance based on scheduling constrainte, a rough:record
of which is nttempted here.

1. The lsyout ie represented by a graph, the places of which represent

plnces where trasine can reside (“stations”), the arcs the possible moves.

Ve ossume & fixed rumber of trains, each of whiech has ‘a finite program to
follow, consutmg of a directed path through the graph, The train ecan
leave a atatlm only when the atatwn it is to travel to is empty. The
problem is tn find a. sequence of train mwement- {i.e. ad’ ‘interleaving of
the quuences of arc traversnls epemfied by the’ program) which allows
each prcgtnm to ‘be cmnpleted.

Train 1 t ADBA
Train-2 4 - EBDC

2 One can represent the (puuibhr emptﬁ -net of all legal inter-
lenvings of the .ste;aa -0f the progrml (i e, which do not lead to deod-
lock) by ¢ transition groph which s a iree whose xopt is the dmitial

- state. 3Identifying each station by o weparste ghoracter, “then each

individual stote of the syStem 1s Tepresented Dy o.@et-of charocter = -

“#trings, one for each train, indicstingiwhere it 4pEnd vhere dv-arill

‘has -to -gt;.
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Trangitioﬁ Grapk. lattice

& state, to bu legal, is such that the leading . churacter; of the
utrlnga are all dlfferent. ﬁ deadlock is teprenented by o stute -
{other than the f1nnl state), trom wh!ch no legal movee, can he mzde._ :
Such & state and the ore leadxng to 1t will be gruned frun the ttnnsi-
tion graph - if in turn this leaves a ctate-which hos no arcs leading
from it this will alsc be pruaned, --A?_l_u:_nigg__th&t there is something
left of the tronsition graph aftér-qlifthe pruning, then by also Tep-
resenting each different -state only once one éb;g & lattice, each path
through which represents o dendlock=Free aiquencing of the programs.
The botton of the lattice is the _requirac_i"’f_»_igal a;ar.e. :

3 The original transition graph ia big! “1f the number of traine
is N, and the length of each progron P, the number of states

TR A

The time to prove that & glvcn-lysteh ‘has no solution (i.e, ho deadiock-
free path) is .as above, as night be the time to find such 8’ puth, 1f one
1l.un1ncky,_

4, Howewer, given the lartice one could have & centralised control

scheme for ‘the train which wae locally optimum in the sense that it -achieved
2 high degree of parallelism by seet;ug a path through ‘the 1sttice, guided

&l

2.

by o desire to keep a8 many trains running a8 possible. Train move-

ments represented by arce- 2long a path would be initiasted as scon
28 the train had reached the starting station, and the destination

station was empty (i.e. any train previcuely in that station had

reached ite next destination). There might however be & "more par-

allel” solution, which would require delaying a train whose movement

wae zlready poesible. This could only be deternined if knowledge orx

egtimates of inter-station trovel times were available,
5. A given path through the latlice defines, for each station, the

sequence of train arrivals which are to be expected., These arrival

scquences can be colculated and then uvsed for a dietributed control
by having each station enforce the appropriate arrival seguence,

The resulting set of movements need not follow the original given

path - however it will ovoid deadlock, {To be exsct it will couse

a particular one of a class of equivalent deadlock-free paths to be
followed,)

The proof involves 2 Petri-Net, in which there are two sets of

ploces. One set {or more exactly set of sets), represents the

sequencing through the arrival eegquence, the other the sequencing
through the progrem. This Petri-Net hos no loops - and is equivalent

to an Occurrence Graph, and hence demcnstrates that g1l programe can
be comzleted.

6. TDifferent pathe through the lattice con give rise to different

sets of arrival sequences. Tf. for exanple, two stations (A and B)

-#ach have two difiexenx possiDle arrival seguences then in general

it is not sctisfactory to have one stntion enforce the first seguence,

and the other the second. An example vhich demonstrotes this is the

following:




One deadlock-free path involves stations A and B each enforcing
the sequence (1,2)- the other path requires the sequence (2,1)., If
one station enforced (1,2) and the other {2,1) dealock would not be
avoided, rather it would be guarantesd.

7. We hove foiled, despite much effort, to make progress on the
problem of combining such alternative seguencings, where possible,

in @ way that does not lead to deadlock,

8. A method of cutting down the lattice (but therefore of ignoring
some of the deadlock-free pothe) is as follows - explore only paths
which heve at most 'k!' traine stopped st stations, (Assuming that
inter-station travel times are equal, and that all the traine along

e poth that cculd be started are sc started.) This makes the lattice
size proportional tc N¥'} . moreover the pethe that it finds will be
likely to be efficient - 1,e. highly perallel {particularly if inter-
station journey times are indeed all similar).

9. The above schemes can "easily" {in theory, if not in practice)
be generalised to cope with stations Which can hold multiple traine.
In constructing the lattice, the check is not on whether each string
begine with 2 different letter, but that the largest number of
identical letters ie within the limits of station mpa-city.

10. - Another, more importnnr., a:nennim is to have cyclic rather than
linear {finite) progroms. Then one does not have o lattice of poseible
‘movea, but rather o directed groph. Deadiocks are now represented
either by statee which have no successors {total deadlocks) or loope
which do not nllow some traine to progrese. Such loops will be ones from
which The initial state is not Teachable, -For the met of programs to be
“cmpnt_ible“, the initial stote sust be in -ons or more loops of WP
different stotes {where each program has P #tepe in ite complete eycle),
Such cyclic programs thus suffer “u;hn-.r“ contraints ‘than linear pro-
grame, if deadlock is to be pr.venft.-d oT ﬁn‘iﬂnd {¥e spent only =& ghort
time muiﬂering thu varisnt of the ilga.dlock problenm, hoping to Eind
“mome way out-of the combinatorics inhemnl: 4o any techniqus 1m1viﬂ.g
searching the ;ysteus traneition graph. Our theory was that if the con-
Stralnts” -on deadlock-free programs became tighter, it might be easier

to determine whether or not a set of programe wet the constrainte.)

11. A further move in thie direction f& to have what is effectively
o "finite state machine program" specifying the poeeible movement re-
quests for o train, The states of the mnchine will be a subset of

the atotes of the graph representing the layout, and the transitione

will be directed arce joining statee that are juined by arce in this

_graph.

Train 1:

Ve require that each state of such ¢ finite state machine ig
reachcble from all other ststes, - With such o representation, & train's
movements of c.urse ore defined-aolely by its present position, and
ere independent of how it ‘reacled this position. We assume that a
‘troin decides arbitrarily which station it wishes to wisit next - re—
gardless of whether it will therefore have to woit until such a gtation
becomes free.  Moreover, we do not require such decisions to be "fair" -
it is osa‘ible for o train- to re:n,am indefinitely in a loop or 'hmps

cu:me:ting just a subset ©f its ntatmns.

12, The Tirst problem of deadlocke with such FSM prograps that we
tackle -is that a deadlock prevention, i.e., ‘that of determining Tules

‘which. ﬁll wsure that a gi\mn set 0f progrens can mever cause dend-

'«In:kc i:-w!:cur, -even .whau ‘no nmtxol of the scheduling of train move-

nente .is nxerx:l.sed “To: tadd.e this and further problems we represent
I;he et of programs by a Tmovenent - groph", consisting of ltations

connected by labelled diTected arcs corresponding to the various train

‘5.‘



ovement s (The iabels identify the troiins involved,) Clearly only
i .
gtations which are connected by (undirectced) arcs in the layout graph

con be connected by (directed) arce im thee movement groph,

The above example produces the moversent graph
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wé can now define 2 "congestion loor" in such a graph as a directed
cycle, of length n, formed from arce torresponding to n different traine,
»

and a “congestion set" ae the set of statione in such & loop.

The above examle has no Buch congemtion set.

6.

However, the movenent graph shown above has three congeetion loops involving

the sets of trains (1,2,3,4,), {1,3,4,5) and (2,3.5.%)
the scoe conpestion set (A7BTCID),

» 811 corresponding to

13. Deadlock of FsM Proproms can be prevented, without exercising any
control, simply by ensuring that the movement graph foroed from the set
of progroms does not PoBBesa any such congesetion loops. Lacking nny form
of contrcl one has to assume that the places connecteJ by such 8 congestion
loop {i.e. the conpeetion set) can all have @& train on them, snd that such
trains, even if they have alternative pathe out of the luop; neverthelese
are insisting on trying to recch the next station around the lonp. (As

alvays, travel ie permitted raly to & station whieh is already empty.}

14. The sbove condition is based on the fact that there is just one
iroin executing each program, so that only one of the arcs labelled with
that train's name can be troversed by a train of that type at a Fiven
moment, and that station can hold only 3 single train, If ejther of
these conditione were relazed - €.t. each station could hold & known maximum
nunber of trains, the dJefinition of a congestion loop would have to be

modified appropriately, but the same idea would still be spplicable.

15, The class of. :o»exxating FSH prograne can he extended by &llowing
docal control. “Such icenl canttol would be ﬂxercised by each station
independently, using only knowledge-ﬁf which trains ‘wish to leave their
rresent (neighbouring) statioms to- ®enter it, -and which trains have pre-
viously renched the station. ?he control is exercised by preventing

such traine from leaving their neighbouring stations.

The nctual molution involves:-

(1) guarding ali encrances To each congestion set,

{2) defining 4 prieri mequences of passages thraugh congeastion sets
{i.e. locksteppinge) which ‘are enforced by the guarde at the

entrances

7'.



Here A and B con be set up, for imstcnce to ensure that T1 and T2
plternate in paseing between A ond B, or that Tl is oliowed five
troverscle for each one by B, end

(3) 1liniting the set of programs so as to ensure that trains cannot get
stuck elsewhere in their journeys, and so by virtue of the lock-
stepped nature of the use of statioms in congestion sets, cause

other traing to be delayed indefinitely. Thus there must not be any

cucles in the progrems which are inveolwed In n congestion loop which do
not include en orc of the given congestion loop.

16. Yet a further extension of the clase of permissible co-existing
FSM propromes can be allowed i€ globsl ©ontrel ie feasible, {.e. if o
centrelised control system, with knowledge of the entire state .of the
system, or {equivolently) some meons whereby stations can communicate

directly with ony other station as nesessary, 1is provided.

Agrin the reguirement is to preveat congesticn sets from becoming

full, and to ensure that trains hich are held up from -ent.er_-ing such sete

are not themselves the cause of deadlocks.

We define contention #tations ns stations which appear -dn-more thon

one FSY program, 4-e. which -at different tices could be occupied by

different troins, -Tlesrly trains which are ot non+-contention stations
cannot “cause ‘any troublé to nny other tralns.

Consider an n-item congestion sat, used by k{i=n) different traius.
We must never let-more than -1 of the k trains get into the -;cﬁngettioﬁ
get ot any one time, znd must ensurae that all the k trains remoin able
to make progress. To Jdo thie we musi place some constraints on at least
some of the k programs. $pecificelly it rust be the case Thot there are
at least k-n#2 controllable troins, i.e. trains which can be guaranteed
to be kept ot of the stations Without tausing troublé - i.e. Whicth have
af 1eAst one fon-Eohtention station #hiich they are guaranteed o reach,
whare The centraliséd contfol#chend pan’delay them unfil 4t de BaYe IoT

Then To-lesve. ‘Thepther a=2-trains ©an then-be left uncontrolied, to use
‘the congestion TEL M they Wisn <i@ven #When 'they are alliin the congestion -

set there-swill still be -one spare apace, So to spesk, 8o that the con-
trolinble trains cap 8t least prograss through the congestion set one at
& time, without suffering detdlock,

a.

~nodes,

To be controllaeble a troin program must not contain any cycles which
do not include a non-contention etation - without such loops, traina are

guoranteed to rench one of their non-contention atotions in 2 finite
number of stepe.

The centrslised control scheme therefore involves, for each congestion
set of staotions, delaying trains at non-contention statione where necessary
in order to ensure thot no-more than n-1 of the k trains are in contention
‘Some -fair scheduling policy 1e of course necded to nake sure that

individual trains are not delayed indefinitely at their non-contention
stations. -

Example

Troin 1 is not controllable,  Any of the other trains must be
p:rever_lted_ from lenving ite non-contention station {A, B or C, respectively)

1f this would result in =1l three traine beinpg at contention places.

17.  With thie lost extension and-ite solution. one is perhaps at lecst

getting near to tackling a practical ‘computing science problem, that of :

flow control in metworks. However honesty requires that thie pemorandus

be left in ite present form, i.e,written in terme of traine aud stotions,

Tother than packets and modes.





