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.Suppose we have a train set—lafge stocks of straight and cur\_reg_n_tmck., bridge?buildir_ig .

materials, different kinds of setd of points, and a single engine, say clockwork for the
. sake of nostalgia. What can we do? . ' R
... ... This depends, of course, of what kinds of point we have {(for simplicity, a set af

points or pair of points will be c-é_"a.lled a point). We use the following general notation:

Track will be (frawn as a single line: I .

Brédges will be dra,wn?simply as Crossovers: %— .

" Lazy points \ ' !

sidings

feoder

1

. Lazy points will be taken to behave in the way you might expect from studying the
physica] piece of track above. With the point in the state shown, a train entering from
_,'F':_will_ le_éwc_ by 81, and vice versa, and a train from Sz will change the point to its other _
;,S,taa?;?_(."".i;th_.tht? central A-shaped piece up rather than down) and leave by the fecder.
If the state has changed, the behaviour is exactly the same with Sy and Sy swapped.

o i1+ :When it i$ important which siding is live, L.e., which siding a train entering the
feeder.will leave by, a dot will be added to that siding; the ather siding will he called

" dead. The lazy point above will_f therefore be represented by one of these: :

Suppose we have a finite Jagout {(a connected arrangement of sections of track
- between feeders and sidings, wjith no ends, or ‘buffers’) with lazy points. Defige the
“sieie of the system to be the sething of each of the lazy points, the section of track
" which the train T is on, and the direction in which T js travelling; then tliere are only
" finitely ‘many states. We allow the train to run until the states cycle, and then remave
" any unused pieces of track from the layout and replace partially-used points by pieces of
track. We would like to classify all possibilities for the stubilised layout wlich remains.

Isi
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. Follow the train from the middle of sone section of track, |
Th(' LL)nut 1 ﬁmfe Considﬂ the ﬁur hmr T reaches by at‘l\ it ha'-. nlrmd} traversed—
then we have one of the foHowmg

e ——

)y ey
(Note that, although T may bave ¢ rossed br i.dg(.:.s o its route s far, these are the nniv
cascntiolly different connections.} Case {a) is a simple-loop and is ce rtainty a solntion.

In (b, T will continue around the lm;p and 50 had not sek tled down to a evele of shtes _

this case therefore dom not ocenr.
Inthé Tast « CcAse, W(‘ wul ke fnllm\ the h(un Imm{l fmthn &gnin.thére-;u‘p t}lrf-'c

(wswnfmllv (]]ﬂ( r{=nf cager!

&

Wy L e _. )

Bath | (e} and (f} fall into a mm}lm (ycle and simpli } to ease {a). {1}, however, is a -
>01ui1ou and is traversed in an unoxpetfedly wmp]e}, WAy {and its hohavmm almws
‘that these Ade all the ciisés). : v :

This clathes all finite stabilised lazy pmnt lagonts, o ' o [:|_

. [
W’e nnw mh ndurc another 'Ild,f 111'!1 kind of pomt o

bprtmg pmuts e - S [

S“”P(“?f‘ we take adazy point and attach a spring urldm fenf\mn s shionws, Here, althougl
& train from Sy will push the central piece up as it nuls over the poine, the pieee wil)

net stay tliere, and any subsequent train from. F wil} lqwo by 5. This means that. the :

hive sighing never (hangm ‘We mIl tluq & sprung point nlnd use the nr:tahnn

i
i,
I

_are three re m'mmlg p()ssabihhm c‘hm’m in cases | {_,) (1}

: e:utc:mg; a roundabont imwf turn left, and then leave by the next exit,

to erresmt. it; the extn a,zc should he thmlght of as gmdmg a tmm from. fhr- fporim

along the correct quhng |'
Suppose we liave a finite layout with 1:!731 and sprung points. As before, allow the

- train to run until the Ia,yout stabilises; then cvery point which was nul\r going to rh ange
state ﬁmtel}' often will notlchange again.

- We :ﬂmphf}r the la.yout’ in three stages, without altpnnb the mnh of the mm. ’

_.Stage 1 “We first. almphfy the network by temoving any pomt rmrl section, of ha(L .

whlch is uuubed and replating a pmnf by track if one of its sidings ix unused,
. Now every section of lm(‘h is either used infinitely ofton in botle divections, or
]nﬁllltel} often in-ong duet'[h(m and not at all in th:" Othm Th{’ for: mer sort 01 track is

‘called fwa-way, and the idfltcr 0Ty,

. SBtage 2 For rhv next '-.tdg(, we rogard sprung points as wrmplu Hmu ]A/\ pmul% )
and snnphfv the network hy replacing every. lazy point \\1rh 3 Ay mg pnmr if this can

be done without altering t]llc route of the train. :

~If a lazy paint has a *11(1111;3, through whitch: the train’ Hevér’ l( ves, e n the pmnt
may bé 1eplaced b} the spi-ung poiat wlich does not. alluw the trmu to I( SATY thmu;,h :
that sadmg : o : -

~Ifa lazy point has & ﬁ:dmg through w}mh the traid hever énters, fliea the point .
wxll only be able to change kfato once, Tt will theiefore not clmugf state ot nli ardd iy
as well e 'a sprung point. | I : n :

Having done this, lmf}x sidings on every Jazy pmnr are Ewo-way, ancl so therefore

. s the feedel

Stage 3 Nm’\ (01151(101 tLe ‘-,])111110 lmmf‘w Ti]f‘ deai H}(Im{., mnsr ]w cn]r_” w. Tliere

_ {e) o L ! _
If we count the mumber of inputs anl oubputs in cach of these eascr. we find. that {g)
and (i} have one more inpi tt. than output, whereas (h) has equal wunbers of exch, By
Stage 2, all the lagy points: me equal niumbers of npits and outpis, Acvoss the eabire’ -
layout, the nurnbr*r of inptts 1t equal th(_. nusnher of mlfPutS. and 5o cases {ﬂ,) and -
(i) cannot oceur, ‘ : : ’

The sprung points must, therefote all be as in case {h} At be Juine rl to mch ofhm
in cireles, live siding joinied:ts dead siding. These r1rrles ave called ronndubonts, atd the
following figure (overleat). show&. roundabouts with 1, 2, and 4 spinug poin

5. A train

..The Ia,yout now consigts of roundabouts and lazy points, E\ oLy seetion of track

: '1:, two-why except, the tr acl inside a ronndabout. - This unnpleh s 1‘]){ (Immﬁc ‘attafl of -

stabilised la](outq made frmh lazy and sprung pmnfk R

There is one more observa fon to be made, bowever. Snppoac Sm;j{ [ nf tlw smlpl]ﬁf a-

_ tion has ]ust been dmw aﬂcl we are about to embark on Qt'lg,r 2 The nnlj. thing that
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Stage 2 does is to furn some of the lazy pomts lnto sprtmg points. When thxs 15 ‘over,
all the sprung pcnnts look llke case (h} Therefore any lazy point which was turned into
a sprung point i Stage 2 had a one-way and two-way diagram as in case (h) but fhm
is mlposslble for a lazv pomt

The concluq:lon 18 that Stage 2 dld ot do anythmg After Stage 1 was romplete,
all the lazy poirits were “Already two—wa,} on both srdmgs ancl the sprung pomt‘? were al]
arr a.ngc-d mto rounclabouts

Can we bmlcl a computer""

We would like to know how.complicatéd ‘rhe muto of thP train can get. At one extrcme
we mlght be able to, simulate; a general. computer. The usual formulation of this is a
Turing mechine, which works as follows, Imagine a box of hardware which is able to

move along an infinite 1-dimensional tape.on which is written an infinite discrete stnng'

of Us and:1s. The box. can e in any of a finite number of states at any point on the
track. It has a list of instructions as to what to do for any state looking at e ither digit.
Each of these mstructmm ia of the form

lea.vc mlalterrd or change the current digit,
* move one place to'the Tight or'left along the tape, Al
enter a particular state before’ performlng the next instruction.

Now the process repeats. I is ‘well- lmc)wn that any '1]gor1thm wluch ran be run on an
ordinary computer can be encoded to run on such a device! =

In the searcli for stich a model, we shall kry to find a cell A which smlul.tfm the
behaviour of the box at one point.on the tape, and then plug these togetlier to represent
the whole tape:

—

i
[\

HTisina part}cul'u: copy nf A th15 w1ll correspoud ta f.h(’ b bemg at-the equiva lr‘nt
position on the tape. If T travels [rém one copy of A to an adjacent copy along a piece of
track labelled k, this will mrrcspond to the box-moving one step in the same dlrectmn

along the tape, about to start the next action in state . ___anf- that this means there:

Tm.m Scts . 9

are two fundamentally d1ffcrer1t kmds of states which A can be in, mprc‘se-ntmg elthm

- a0oralat the corresponding point on the tape.

Now examine A. Around the outside, the tracks are used as both input and output
and the Turing machine does nét remember which direction it came. from b c:xecut:,
its next action. Tl'us track can therefore be used for the outer shell:

A

P Jo-
3 3
n AN

X

Thc B shown has n inputs on the left side and 8 selecmon of outputs, coming out of
the battom. The outer shell sends the train out left or right on the appropriate line, as
required. The sprung points ensure that the uses of the lines for output and jnput are
split cleanly apart,

It will be useful to intr oduu: the concept of a subroutine. Th15 is a section of track
with one input, which is also used as the output, When a train is sent in, it wanders
around inside and eventually comes out a.gam on the sarme sechon We can gwe a
subroutine more than one. 1nput ' : :

()

(f( N

818 83 "'Sk'i'
A tra.m entermg thls diagram at s; will set the lazy pomts i the- route it ronL ente;_'"
and leave 5, and then return a.long the same route~—in particulas it wﬂl 1etmn to.s
We can caﬂ S by connecting s} [overleaf ) to s
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8 .

A train travelling from left to r:ght in this diagram wr]_l call 5 and continue.
" Sujipose we have built a subroutine 3, with entry points sy, sz, ..., 5 a8 above,
which changes the di igit represented by the current copy of A from 0 fo 1 or vice versa.
: Suppobe further that we have a piece of la],rc)uf which locks like

el

I

and behaves as follows: .
1) a train from the left comes out on ether 0 or 1 drpondmg on the chg;it at. the
current point on the tape, and
i} a train from the top changes the state rccordecl and comes out” the bottom
We now connect these up {sec.opposite).

::-. 87

Each | ’? - is cither 3 +——f- or g f'«—J_L—-.

T entels B on track  and pass.(,s th.rough one’ of the Cs we know (,x:lc‘t}.} ‘what

to do to. snnulate the original Turing machine: we know \fhethel to change the digit

recorded in this position on the tape. (that is, whether to call S), and we then know
- which way to leave this éell and on whieh tfack, Thus this dla,gram encedes the program
- All we need to-do-is give S multiple entry points [as in (*)} and conneet 3; to's; for
-each £, and the:track will behave as wanted, (For. neatness, we also should remove the

unased track m Ay - ' -
" Now to comstruct O, Let us suppose the existerice of 2 dnstmbuior D whlch has
two outputs, 0 and 1, and one input. Trains sent in: the input come out of 0 and 1
alternately. The reader is strongly advised to try const1 ucting one of these—it makes
an mfurmtmﬂ' problem.

Sup])ose for the moment that such a piece of tram:lc exists. Take C to be this: .

When we store our .prog.fa.x'ri_’s input data cn the tape, We must set the (lazy) point p to

4 \

L

.'_.3;. N
nk \

with cne input and fwo Uutpats es shown in the first figure helow, We

" Tyuin Sets 11

direct trains from the lefi! ont of the appropriate exit on the right. and llldkl’-‘ sure that
the first train to enter by the top will come out of IV on the correct side fa flip p. Frean
then on, C will behiave ag'we want it to, ‘arid we neml\? bave a Turing 111at11111( - —al] e

need is a distributor.  © |,
L

'Dlstrlbutors are unpos!'s.i'ble'

Suppose Dis a dmrubutof made from & finite number of lnny pomts ancl sprung poinks,

an, add one
cond figure.

extra qprung pomt anr} Rom( cxtl a track to get the networ L sl]ov. n m rho_

- Now run thls networh whtilit. btahhses Smce D wﬂl wr}rI\ asz d]c.h ibator for ever, tlie
- stable form of D is still 4 distributor, so the networl: sta]ulnrs to a form in whicli the
... extra sprung. point is bemg used-like case (g) earlier: -

Unfortunately, we shm\ ed there that case { 5} wuld not h '11)p< n. 50 d:stnlmton are

._1mp0331ble A . L e : N

o A d_lst_l‘lb ut,or.

Now we shall exhibit a disiributor. The cénstruction is tallier naive:
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D

All laéy' poi'hts are initially set to send fr:iins-'zic_rdss horiz.optally, éxr_;epf. f;erhaps )

" the one labelled ¢, which should be set the other way exactly when' D is in a copy of -

. A representing a 1 on the tape. Of course, D can be bent round to pmnt upwa.rds to .

. avoid too many bridges or arbitrar ily short sections of track.

Tlns completes the Consty uct]on of a Tunng machme simulator. O )

_ -One further result

“The readel may’ object to the impurity of usmg br1dges If we have sprung pmnts, it 1s.
- easy to simulate a brldge in the plsme

ConJectures N

1.

The f11r111g machme given here suffers fxom complemty problems an algorzthrn
which uses hits of the tape over and over agamn will get slower as more distant
parts of the di_stx:ibﬁtoré @re us_ed {judging time b}f counting the number of points
T crosses). We conjecture that no Turing-powerful:layout has the samne complexity

for every algoritﬁm as a conventional Turing macline. .
. Suppose we have a random point, which sends traing in a siding ent of the feeder and

trains in the feeder out of cne of the sidings with equal probahility, Independent of
previous hehaviour. Tt seems likely that evert with lazy, sprung, and random points

- we cannot build a finite distributer. {We now . oﬂly require & box which always

sends the train out of the correct exit if it sends 1t out at all, and dnes soin ﬁmfc ]
tirme with probability 1. ) ’ : i

- A weaker version of % given lazy, sprung,, a.nd 1anclom points, we ha,ve beer una,ble .

. to construct a pariia! distributor, which never sends T dut of the wrong exit, has’

for any n a positive probability of working at least n times in a row, but'tnay have
a dmnce of trapping the tra.m 1n31cle after some time.



