Can supersonic travel give rise to time paradoxes?

K. Svozil

Institut fÈur Theoretische Physik Technische UniversitÈat Wien Wiedner Hauptstraûe 8-10/136 A-1040 Vienna, Austria e-mail: svozil@tph.tuwien.ac.at

October 25, 1995

Abstract

This article deals with three speculations: (i) Given space-time frames generated by clocks which use sound waves for synchronization; under what conditions would supersonic travel cause time paradoxes? (ii) How would creatures whose structural elements were based on sound waves avoid such time paradoxes? (iii) Is there a strategy to consistently circumvent limiting velocities such as the speed of sound or the speed of light?

time.tex

1 Operational concepts and intrinsic observers

John Casti posed the following scenario ([9]; for a related discussion, see [33]),

[[Imagine some creaturesÐ]]they may be carbon-based creatures just like you and me. The difference is that they live in a world in which the primary sensory inputs are not from the electromagnetic spectrum like light, but rather come from sound waves. Note that this is not simply a world of the blind; rather, it is a world in which there are no sensory organs for perceiving any part of the electromagnetic spectrum. In this case, then, ĳ such creatures would see the speed of sound as a fundamental barrier to the velocity of any material object. Yet we as creatures that do possess sensory organs for perceiving the electromagnetic spectrum see the sound barrier as no fundamental barrier, at all. So by analogical extension, there may be creatures łout therež who regard the speed of light as no more of a barrier than we regard the speed of sound.

Casti’s scenario is one in which the observers made out of sound waves are embedded in a universe, which, to them, consists solely out of sound waves. They develop an intrinsic description [6, 35, 25, 26, 31, 32, 33, 34] of this universe, which may appear drastically different (cf. [34], chapter 10) from what some hypothetical łsuper-observerž perceives by using, for instance, light. One of the őrst researchers bothering about these issues has been the 18th century physicist Boskovich ([6], rediscovered by RÈossler [26], p. 143),

ĳ And we would have the same impressions if, under conservation of distances, all directions would be rotated by the same angle, ĳ And even if the distances themselves would be decreased, whereby the angles and the proportions would be conserved, ĳ: even then we [[the observers]] would have no changes in our impressions. ĳ A movement, which is common to us [[the observers]] and to the Universe, cannot be observed by us; not even if everything would be stretched or shrinked by an arbitrary amount.

Although generally not presented that way, relativity theory consists of two distinct parts: (i) it deals with conventions about how to operationalize certain concepts such as łequal time at spatially separated points,ž in particularly synchronization procedures; and (ii) it states physical assumptions about the invariance of certain phenomena, such as the speed of light, and the laws of theoretical physics under changes of reference frames. Whereas the former conventions [ad (i)] are mere working deőnitions, the latter statements [ad (ii)] are supposed to be God-given, eternal symmetries. Conventions can be changed at the price of complicating the theoretical formalism by means of a non-optimal representation of theory. Phenomena are a matter of physical fact. For instance, a preferred frame of reference, e.g., the one at rest with respect to cosmic background radiation, could be artiőcially introduced. To put it in the words of the late John Bell (cf. [3], p. 34; for a related discussion, see [18]):

You can pretend that whatever inertial frame you have chosen is the ether of the 19th century physicists, and in that frame you can conődently apply the idea of the FitzGerald contraction [[of length of material bodies such as scales]], Larmor [[time]] dilation and Lorentz lag. It is a great pity that students dont understand this. ĳ

Preferred frames of reference can also be introduced by abandoning Einstein’s conventions for clock synchronization and by using łabsolutež Galilei spacetime co-ordinates. Clocks in moving frames (with respect to the preferred frame) would show the łabsolutež time which characterizes the łabsolutež Galileian frame. As a result, the value of the speed of light would become frame dependent. The electromagnetic laws would have to be represented in a non-covariant manner. But despite the overhead due to non-optimal representation, the physics would not change.

It was the radical operational approach in Einstein’s theory of special relativity, which stimulated the physicist Bridgman. In particular, Bridgman demanded that the meaning of theoretical concepts should ultimately be based on concrete physical operations. That is, (cf. [8], p. V),

the meaning of one’s terms are to be found by an analysis of the operations which one performs in applying the term in concrete situations or in veryfying the truth of statements or in őnding the answers to questions.

More speciőcally (cf. [7], p. 103),

ĳ the meaning of length is to be sought in those operations by which the length of physical objects is determined, and the meaning of simultaneity is sought in those physical operations by which it is determined whether two physical events are simultaneous or not.

Therefore, we are free to choose whatever physical concepts seem appropriate as long as they are operational. In particular, Casti’s sound creatures might choose sound, the author’s water-ŕeas may use water waves, and human physicists may use light for the purpose of Einstein synchronization. The resulting frame of references will be different in all these cases. The space-time parameters by which events and phenomena are represented will be different, too. Using different types of formal representations of the same physical systemÐone may speak of layers or levels of descriptionÐin order to grasp different features of that system associated, for instance, with different levels of complexity, resembles Anderson’s thesis of łemerging lawsž ([1], p. 193; cf. Schweber [28]),

The ability to reduce everything to simple fundamental laws does not imply the ability from these laws and reconstruct the universe. ĳ The constructionist hypothesis breaks down when confronted with the twin difőculties of scale and complexity. ĳ at each level of complexity, entirely new properties appear, and the understanding of the new behaviors requires research which I think is as fundamental in nature as any other.

It is to be expected that in such an organization of physical concepts, the notion of causality need not be consistently deőned for all descriptions combined: what may appear as causal connection (cause and effect) in one description needs not be causally connected at all in another description. Therefore it is of great relevance to make precise the limits and applicability of each of these descriptions.

Next, an example for the explicit construction of such reference frames is given in the Cellular Automaton (CA) context is given.

2 Space-time frames in Cellular Automata

In what follows, an explicit example for the construction of space-time frames in computer-generated universes which are generated by intrinsic procedures and observations will be given. The onedimensional Cellular Automaton (CA) models [39, 16, 17, 36, 40] considered here are equivalent to any other universal computing agent but have the advantage of good representability on the twodimensional printing page combined with easy programmability.

Our primary concern will be the explicit construction of intrinsic space-time frames by adopting Einstein’s synchronization conventions. Pointedly stated, we are interested in virtual reality and physical epistemology, not physics. We do not attempt to reconstruct relativity theory one-to-one in the cellular automaton context. In particular, no Lorentz-invariant kinematic theory is introduced. Therefore, certain physical statements, in particular the relativity principle, stating that all laws of physics have an identical form in all inertial frames, needs not to be satisőed.

However, it has been argued for quite some time [16] that, since all łconstruablež (in the sense of łrecursively enumerablež) universes are realisable within the CA framework, also the special theory of relativity can be implemented on such a structure [37]. Kinematic questions have been taken into account, for instance, by Bialynicki-Birula [4] and Smith [29]. Both approaches Ð the epistemic presented here and the kinematic Ð őt together well and may lead to a complete modeling of Lorentz invariance in cellular automaton structures.

Informally speaking, CA are a łlarge (usually an inőnite) collectionž of interconnected őnite automata. Each one of these őnite automata is being thought of as a cell, which is locally connected to its immediate neighbours. I.e., the evolution of each one of the cells forming the CA depends on its own state and the states of its immediate neighbour cells.

More precisely, assume discrete time cycles, labelled by 0, 1, 2, ĳ. A CA is an inőnite collection of locally connected őnite automata (cells) of the tessellated onedimensional line. Let a_{i,n}(t) stand for the i’th internal state of the n’th automaton (cell), n = (n_1, n_2, ĳ , n_D), at time t. Let {n} characterise the neighbourhood of n, including n, and let a_{i,fng}(t) stand for the internal states of the automaton cells around n, including the origin n. The internal state a_{i,n}(t + 1) of the automaton at n at time t + 1 is given by a computable function φ of the state and its neighbourhood states at time t, i.e.,

a_{i,n}(t + 1) = φ(a_{i,fng}(t)) . (1)

2.1 Synchronization

Without loss of generality it is assumed that the maximal velocity, denoted by c, a body of information can move is one cell per cycle time. Flows of this kind will be called rays. In analogy to relativity theory, this velocity can be used to deőne clocks or synchronized events. We shall start by an explicit model of a ray clock. It consists of two mirrors, denoted by I, and a ray of velocity 1 cell per time cycle, denoted by > and <, which is constantly reŕected back and forth between the two mirrors, and a one-place digital display right to the right mirror. In this model, after each backreŕection of the light ray, the digit on the display increases by one modulus 10. The explicit transformation rules for a onedimensional CA with these properties are listed in appendix A. The time evolution of a ray clock is drawn in Fig. 1.

A very similar conőguration as for the light clock can be used as a device for Einstein synchronization [12, 34]: Assume two clocks at two arbitrary points A and B which are łof similar kind.ž At some arbitrary A-time t_A a ray goes from A to B. At B it is instantly (without delay) reŕected at B-time t_B and reaches A again at A-time t_{A′}. The clocks in A and B are synchronized if

t_B − t_A = t_{A′} − t_B . (2)

The two-ways ray velocity is given by 2|AB| t_{A′} − t_A

= c , (3)

where |AB| is the distance between A and B.

The ray velocity can then be deőned to be identical for all frames, irrespective of whether they are moving with respect to the rest frame of the cellular space or not. Of course, this invariance of the ray

... ˙˙I¿˙˙I0˙˙ ... ... ˙˙I¿˙˙I4˙˙ ... ... ˙˙I¿˙˙I8˙˙ ...
... ˙˙I˙¿˙I0˙˙ ... ... ˙˙I˙¿˙I4˙˙ ... ... ˙˙I˙¿˙I8˙˙ ...
... ˙˙I˙˙¿I0˙˙ ... ... ˙˙I˙˙¿I4˙˙ ... ... ˙˙I˙˙¿I8˙˙ ...
... ˙˙I˙˙¡*0˙˙ ... ... ˙˙I˙˙¡*4˙˙ ... ... ˙˙I˙˙¡*8˙˙ ...
... ˙˙I˙¡˙I1˙˙ ... ... ˙˙I˙¡˙I5˙˙ ... ... ˙˙I˙¡˙I9˙˙ ...
... ˙˙I¡˙˙I1˙˙ ... ... ˙˙I¡˙˙I5˙˙ ... ... ˙˙I¡˙˙I9˙˙ ...
... ˙˙I¿˙˙I1˙˙ ... ... ˙˙I¿˙˙I5˙˙ ... ... ˙˙I¿˙˙I9˙˙ ...
... ˙˙I˙¿˙I1˙˙ ... ... ˙˙I˙¿˙I5˙˙ ... ... ˙˙I˙¿˙I9˙˙ ...
... ˙˙I˙˙¿I1˙˙ ... ... ˙˙I˙˙¿I5˙˙ ... ... ˙˙I˙˙¿I9˙˙ ...
... ˙˙I˙˙¡*1˙˙ ... ... ˙˙I˙˙¡*5˙˙ ... ... ˙˙I˙˙¡*9˙˙ ...
... ˙˙I˙¡˙I2˙˙ ... ... ˙˙I˙¡˙I6˙˙ ... ... ˙˙I˙¡˙I0˙˙ ...
... ˙˙I¡˙˙I2˙˙ ... ... ˙˙I¡˙˙I6˙˙ ... ... ˙˙I¡˙˙I0˙˙ ...
... ˙˙I¿˙˙I2˙˙ ... ... ˙˙I¿˙˙I6˙˙ ... ... ˙˙I¿˙˙I0˙˙ ...
... ˙˙I˙¿˙I2˙˙ ... ... ˙˙I˙¿˙I6˙˙ ... ... ˙˙I˙¿˙I0˙˙ ...
... ˙˙I˙˙¿I2˙˙ ... ... ˙˙I˙˙¿I6˙˙ ... ... ˙˙I˙˙¿I0˙˙ ...
... ˙˙I˙˙¡*2˙˙ ... ... ˙˙I˙˙¡*6˙˙ ... ... ˙˙I˙˙¡*0˙˙ ...
... ˙˙I˙¡˙I3˙˙ ... ... ˙˙I˙¡˙I7˙˙ ... ... ˙˙I˙¡˙I1˙˙ ...
... ˙˙I¡˙˙I3˙˙ ... ... ˙˙I¡˙˙I7˙˙ ... ... ˙˙I¡˙˙I1˙˙ ...
... ˙˙I¿˙˙I3˙˙ ... ... ˙˙I¿˙˙I7˙˙ ... .
... ˙˙I˙¿˙I3˙˙ ... ... ˙˙I˙¿˙I7˙˙ ... .
... ˙˙I˙˙¿I3˙˙ ... ... ˙˙I˙˙¿I7˙˙ ... .
... ˙˙I˙˙¡*3˙˙ ... ... ˙˙I˙˙¡*7˙˙ ...
... ˙˙I˙¡˙I4˙˙ ... ... ˙˙I˙¡˙I8˙˙ ...
... ˙˙I¡˙˙I4˙˙ ... ... ˙˙I¡˙˙I8˙˙ ...

Figure 1: Ray clock.

speed with respect to changes of coordinate systems should ultimately be motivated by phenomenology and a proper choice of conventions. E.g., in relativity theory, the invariance of the Maxwell equations with respect to conformal, or angle preserving, coordinate transformations in four dimensions assures that for light-like vectors, ds^2 = dx^2 − (c dt)^2 = 0 and thus x = ct.

For synchronization, the same CA transformation rules as for the ray clock, which are listed in appendix A can be used. In Fig. 2, an example of synchronization between two clocks A and B is drawn.

2.2 Moving reference frames

This section shall be concerned with what happens with the intrinsic synchronization and the space-time coordinates when observers are considered which move with respect to the CA medium. For simplicity, assume constant motion of v automaton cells per time cycle. With these units, the ray speed is c = 1, and v ≤ 1.

There are numerous ways to simulate sub-ray motion on a CA. In what follows, the case v = 1/3 will be studied in such a way that every three CA time cycles the walls, symbolised by I, move one cell to the right. [Strictly speaking, there should be a periodic transformation of the wall such that I → a → b → I and the states a and b have the same reŕection properties as I.]

Notice that two clocks which are synchronized in a reference frame which is at rest with respect to the CA medium are not synchronized in their own co-moving reference frame. Consider, as an example, the CA drawn in Fig. 3(a). (Strictly speaking, the CA rule here depends on a two-neighbor interaction.) By evaluating equation (2) for t_A = 1, t_B = 4, t_{A′} = 5, and 4 − 1 ≠ 5 − 4. If the őrst clock is corrected to make up for the different time of ray ŕights as in Fig. f:3(b), t_A = 2, t_B = 4, t_{A′} = 6, and 4−2 = 6−4. This correction, however, is the reason for asynchronicity of the two ray clocks with respect to the łoriginalž CA medium.

Let us now explicitly construct the coordinate axes x and t of a system which moves with constant velocity with respect to the medium. For convenience, let us switch to continuous coordinates. That is, the łgrainynessž of the CA medium is disregarded; i.e., coordinates will be represented by real numbers. In this construction, the convention of the constancy of the speed of rays for all reference frames will play an important role. The new space and time axes will both become rotated towards the ray coordinates.

Consider Fig. 4, which represents the process drawn in Fig. 3(b). Assume that the two mirrors are a (arbitrary) units apart. For the system at rest with respect to the CA medium, a ray is emitted from the origin A = (0, 0) and arrives at the mirror at B = (vt_B + a, t_B), where it is reŕected and arrives at the original mirror at A′ = (vt_{A′}, t_{A′}). Since B lies on the ray which comes from the origin, B = (t_B, t_B) =

(_a 1−v ,^a_{1−v} ) .

     clock1 A B clock2

... ˙˙I¿˙˙I0˙˙I¿˙˙˙˙˙˙I˙˙I¿˙˙I0˙˙ ...
... ˙˙I˙¿˙I0˙˙I˙¿˙˙˙˙˙I˙˙I˙¿˙I0˙˙ ...
... ˙˙I˙˙¿I0˙˙I˙˙¿˙˙˙˙I˙˙I˙˙¿I0˙˙ ...
... ˙˙I˙˙¡*0˙˙I˙˙˙¿˙˙˙I˙˙I˙˙¡*0˙˙ ...
... ˙˙I˙¡˙I1˙˙I˙˙˙˙¿˙˙I˙˙I˙¡˙I1˙˙ ...
... ˙˙I¡˙˙I1˙˙I˙˙˙˙˙¿˙I˙˙I¡˙˙I1˙˙ ...
... ˙˙I¿˙˙I1˙˙I˙˙˙˙˙˙¿I˙˙I¿˙˙I1˙˙ ...
... ˙˙I˙¿˙I1˙˙I˙˙˙˙˙˙¡*˙˙I˙¿˙I1˙˙ ...
... ˙˙I˙˙¿I1˙˙I˙˙˙˙˙¡˙I˙˙I˙˙¿I1˙˙ ...
... ˙˙I˙˙¡*1˙˙I˙˙˙˙¡˙˙I˙˙I˙˙¡*1˙˙ ...
... ˙˙I˙¡˙I2˙˙I˙˙˙¡˙˙˙I˙˙I˙¡˙I2˙˙ ...
... ˙˙I¡˙˙I2˙˙I˙˙¡˙˙˙˙I˙˙I¡˙˙I2˙˙ ...
... ˙˙I¿˙˙I2˙˙I˙¡˙˙˙˙˙I˙˙I¿˙˙I2˙˙ ...
... ˙˙I˙¿˙I2˙˙I¡˙˙˙˙˙˙I˙˙I˙¿˙I2˙˙ ...
... ˙˙I˙˙¿I2˙˙I¿˙˙˙˙˙˙I˙˙I˙˙¿I2˙˙ ...
... ˙˙I˙˙¡*2˙˙I˙¿˙˙˙˙˙I˙˙I˙˙¡*2˙˙ ...
... ˙˙I˙¡˙I3˙˙I˙˙¿˙˙˙˙I˙˙I˙¡˙I3˙˙ ...
... ˙˙I¡˙˙I3˙˙I˙˙˙¿˙˙˙I˙˙I¡˙˙I3˙˙ ...
... ˙˙I¿˙˙I3˙˙I˙˙˙˙¿˙˙I˙˙I¿˙˙I3˙˙ ...
... ˙˙I˙¿˙I3˙˙I˙˙˙˙˙¿˙I˙˙I˙¿˙I3˙˙ ...
... ˙˙I˙˙¿I3˙˙I˙˙˙˙˙˙¿I˙˙I˙˙¿I3˙˙ ...
   .
   .
   .

Figure 2: Synchronization by ray exchange.

Since A′ lies on the ray which comes from B, t_{A′} = −x_{A′} + C and t_B = −x_B + C. By evaluating C, one obtains A′ =

(_{2va}

1−v^2 , 2a 1−v^2 ) . In the coordinate system which is moving with respect to the CA medium, A = (0, 0).

In order for the clocks to be synchronized, i.e., by equation (2), t_B = (t_{A′} + t_A)/2. But this should also be the time coordinate t_1, since this is just half the time from A to A′. Thus one obtains two points (events) 1 = (_{vtA′}

2 ,^{tA′}_2 ) and B whose time coordinates in the moving reference frame is identical; i.e., t_1 = t_B. A short calculation shows that, with respect to the coordinate system which is at rest in the CA medium, the lines of equal time coordinates for a system wich is moving with constant velocity v, e.g., the x-axis, have slope 1/v, whereas the lines of equal space coordinates, e.g., the t-axis, have slope v.

These transformation of coordinate axes correspond to the Lorentz transformations t = t − vx √ 1 − v^2

, x = x − vt √ 1 − v^2

. (4)

The speciőc form of the transformation (4) comes as no surprise, since it has been derived by implicitly assuming that constant motion transforms into constant motion and that the ray speed is the same for all reference frames; both conditions being the kinematic equivalent to the relativity principle.

2.3 Sub-ray synchronization

So far, only rays propagating one CA cell per cycle have been considered. It is not entirely unreasonable to assume synchronization with signals which propagate slower than these rays.

A typical example would be a signal with one-half ray speed, i.e., c′ = 1/2. Assume that, in addition to the space-time frames generated by ray exchange (c = 1), a different set of frames is generated by signalling with one-half ray speed (c′ = 1/2). If one compares space-time scales which are generated by such signals with the space-time scales generated by ray exchange at c = 1, one obtains equivalence only for one frame of reference; e.g., the one at rest with respect to the CA medium. For all other reference frames, synchronization and thus coordinate transformations would be different.

One consequence of sub-ray synchronization is the possibility of łsuper-rayž speed v > 1/2, and of a łtime travelž with respect to such space-time frames. I.e., for certain observers moving with v > 1/2, the time coordinate deőned by c′ = 1/2 would łrun backward.ž This łtime travelž however, is nothing mysterious, but the outcome of the speciőc synchronization convention chosen. See the next section for a further discussion.

˙˙I¿˙I0˙˙I˙˙˙¡˙˙˙I˙˙I¿˙I0˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙ ˙˙I¿˙I1˙˙I˙˙˙¡˙˙˙I˙˙I¿˙I0˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙
˙˙I˙¿I0˙˙I˙˙¡˙˙˙˙I˙˙I˙¿I0˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙ ˙˙I˙¿I1˙˙I˙˙¡˙˙˙˙I˙˙I˙¿I0˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙
˙˙I˙¡*0˙˙I˙¡˙˙˙˙˙I˙˙I˙¡*0˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙ ˙˙I˙¡*1˙˙I˙¡˙˙˙˙˙I˙˙I˙¡*0˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙
˙˙˙I¿˙I1˙˙I¿˙˙˙˙˙˙I˙˙I¿˙I1˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙ ˙˙˙I¿˙I2˙˙I¿˙˙˙˙˙˙I˙˙I¿˙I1˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙
˙˙˙I˙¿I1˙˙I˙¿˙˙˙˙˙I˙˙I˙¿I1˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙ ˙˙˙I˙¿I2˙˙I˙¿˙˙˙˙˙I˙˙I˙¿I1˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙
˙˙˙I˙¡*1˙˙I˙˙¿˙˙˙˙I˙˙I˙¡*1˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙ ˙˙˙I˙¡*2˙˙I˙˙¿˙˙˙˙I˙˙I˙¡*1˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙
˙˙˙˙I¿˙I2˙˙I˙˙¿˙˙˙˙I˙˙I¿˙I2˙˙˙˙˙˙˙˙˙˙˙˙˙˙ ˙˙˙˙I¿˙I3˙˙I˙˙¿˙˙˙˙I˙˙I¿˙I2˙˙˙˙˙˙˙˙˙˙˙˙˙˙
˙˙˙˙I˙¿I2˙˙I˙˙˙¿˙˙˙I˙˙I˙¿I2˙˙˙˙˙˙˙˙˙˙˙˙˙˙ ˙˙˙˙I˙¿I3˙˙I˙˙˙¿˙˙˙I˙˙I˙¿I2˙˙˙˙˙˙˙˙˙˙˙˙˙˙
˙˙˙˙I˙¡*2˙˙I˙˙˙˙¿˙˙I˙˙I˙¡*2˙˙˙˙˙˙˙˙˙˙˙˙˙˙ ˙˙˙˙I˙¡*3˙˙I˙˙˙˙¿˙˙I˙˙I˙¡*2˙˙˙˙˙˙˙˙˙˙˙˙˙˙
˙˙˙˙˙I¿˙I3˙˙I˙˙˙˙¿˙˙I˙˙I¿˙I3˙˙˙˙˙˙˙˙˙˙˙˙˙ ˙˙˙˙˙I¿˙I4˙˙I˙˙˙˙¿˙˙I˙˙I¿˙I3˙˙˙˙˙˙˙˙˙˙˙˙˙
˙˙˙˙˙I˙¿I3˙˙I˙˙˙˙˙¿˙I˙˙I˙¿I3˙˙˙˙˙˙˙˙˙˙˙˙˙ ˙˙˙˙˙I˙¿I4˙˙I˙˙˙˙˙¿˙I˙˙I˙¿I3˙˙˙˙˙˙˙˙˙˙˙˙˙
˙˙˙˙˙I˙¡*3˙˙I˙˙˙˙˙˙¿I˙˙I˙¡*3˙˙˙˙˙˙˙˙˙˙˙˙˙ ˙˙˙˙˙I˙¡*4˙˙I˙˙˙˙˙˙¿I˙˙I˙¡*3˙˙˙˙˙˙˙˙˙˙˙˙˙
˙˙˙˙˙˙I¿˙I4˙˙I˙˙˙˙˙˙¿I˙˙I¿˙I4˙˙˙˙˙˙˙˙˙˙˙˙ ˙˙˙˙˙˙I¿˙I5˙˙I˙˙˙˙˙˙¿I˙˙I¿˙I4˙˙˙˙˙˙˙˙˙˙˙˙
˙˙˙˙˙˙I˙¿I4˙˙I˙˙˙˙˙˙¡*˙˙I˙¿I4˙˙˙˙˙˙˙˙˙˙˙˙ ˙˙˙˙˙˙I˙¿I5˙˙I˙˙˙˙˙˙¡*˙˙I˙¿I4˙˙˙˙˙˙˙˙˙˙˙˙
˙˙˙˙˙˙I˙¡*4˙˙I˙˙˙˙˙¡˙I˙˙I˙¡*4˙˙˙˙˙˙˙˙˙˙˙˙ ˙˙˙˙˙˙I˙¡*5˙˙I˙˙˙˙˙¡˙I˙˙I˙¡*4˙˙˙˙˙˙˙˙˙˙˙˙
˙˙˙˙˙˙˙I¿˙I5˙˙I˙˙˙¡˙˙˙I˙˙I¿˙I5˙˙˙˙˙˙˙˙˙˙˙ ˙˙˙˙˙˙˙I¿˙I6˙˙I˙˙˙¡˙˙˙I˙˙I¿˙I5˙˙˙˙˙˙˙˙˙˙˙
˙˙˙˙˙˙˙I˙¿I5˙˙I˙˙¡˙˙˙˙I˙˙I˙¿I5˙˙˙˙˙˙˙˙˙˙˙ ˙˙˙˙˙˙˙I˙¿I6˙˙I˙˙¡˙˙˙˙I˙˙I˙¿I5˙˙˙˙˙˙˙˙˙˙˙
˙˙˙˙˙˙˙I˙¡*5˙˙I˙¡˙˙˙˙˙I˙˙I˙¡*5˙˙˙˙˙˙˙˙˙˙˙ ˙˙˙˙˙˙˙I˙¡*6˙˙I˙¡˙˙˙˙˙I˙˙I˙¡*5˙˙˙˙˙˙˙˙˙˙˙
˙˙˙˙˙˙˙˙I¿˙I6˙˙I¿˙˙˙˙˙˙I˙˙I¿˙I6˙˙˙˙˙˙˙˙˙˙ ˙˙˙˙˙˙˙˙I¿˙I7˙˙I¿˙˙˙˙˙˙I˙˙I¿˙I6˙˙˙˙˙˙˙˙˙˙
˙˙˙˙˙˙˙˙I˙¿I6˙˙I˙¿˙˙˙˙˙I˙˙I˙¿I6˙˙˙˙˙˙˙˙˙˙ ˙˙˙˙˙˙˙˙I˙¿I7˙˙I˙¿˙˙˙˙˙I˙˙I˙¿I6˙˙˙˙˙˙˙˙˙˙
˙˙˙˙˙˙˙˙I˙¡*6˙˙I˙˙¿˙˙˙˙I˙˙I˙¡*6˙˙˙˙˙˙˙˙˙˙ ˙˙˙˙˙˙˙˙I˙¡*7˙˙I˙˙¿˙˙˙˙I˙˙I˙¡*6˙˙˙˙˙˙˙˙˙˙
˙˙˙˙˙˙˙˙˙I¿˙I7˙˙I˙˙¿˙˙˙˙I˙˙I¿˙I7˙˙˙˙˙˙˙˙˙ ˙˙˙˙˙˙˙˙˙I¿˙I8˙˙I˙˙¿˙˙˙˙I˙˙I¿˙I7˙˙˙˙˙˙˙˙˙
˙˙˙˙˙˙˙˙˙I˙¿I7˙˙I˙˙˙¿˙˙˙I˙˙I˙¿I7˙˙˙˙˙˙˙˙˙ ˙˙˙˙˙˙˙˙˙I˙¿I8˙˙I˙˙˙¿˙˙˙I˙˙I˙¿I7˙˙˙˙˙˙˙˙˙
˙˙˙˙˙˙˙˙˙I˙¡*7˙˙I˙˙˙˙¿˙˙I˙˙I˙¡*7˙˙˙˙˙˙˙˙˙ ˙˙˙˙˙˙˙˙˙I˙¡*8˙˙I˙˙˙˙¿˙˙I˙˙I˙¡*7˙˙˙˙˙˙˙˙˙
˙˙˙˙˙˙˙˙˙˙I¿˙I8˙˙I˙˙˙˙¿˙˙I˙˙I¿˙I8˙˙˙˙˙˙˙˙ ˙˙˙˙˙˙˙˙˙˙I¿˙I9˙˙I˙˙˙˙¿˙˙I˙˙I¿˙I8˙˙˙˙˙˙˙˙
˙˙˙˙˙˙˙˙˙˙I˙¿I8˙˙I˙˙˙˙˙¿˙I˙˙I˙¿I8˙˙˙˙˙˙˙˙ ˙˙˙˙˙˙˙˙˙˙I˙¿I9˙˙I˙˙˙˙˙¿˙I˙˙I˙¿I8˙˙˙˙˙˙˙˙
˙˙˙˙˙˙˙˙˙˙I˙¡*8˙˙I˙˙˙˙˙˙¿I˙˙I˙¡*8˙˙˙˙˙˙˙˙ ˙˙˙˙˙˙˙˙˙˙I˙¡*9˙˙I˙˙˙˙˙˙¿I˙˙I˙¡*8˙˙˙˙˙˙˙˙
˙˙˙˙˙˙˙˙˙˙˙I¿˙I9˙˙I˙˙˙˙˙˙¿I˙˙I¿˙I9˙˙˙˙˙˙˙ ˙˙˙˙˙˙˙˙˙˙˙I¿˙I0˙˙I˙˙˙˙˙˙¿I˙˙I¿˙I9˙˙˙˙˙˙˙
˙˙˙˙˙˙˙˙˙˙˙I˙¿I9˙˙I˙˙˙˙˙˙¡*˙˙I˙¿I9˙˙˙˙˙˙˙ ˙˙˙˙˙˙˙˙˙˙˙I˙¿I0˙˙I˙˙˙˙˙˙¡*˙˙I˙¿I9˙˙˙˙˙˙˙
˙˙˙˙˙˙˙˙˙˙˙I˙¡*9˙˙I˙˙˙˙˙¡˙I˙˙I˙¡*9˙˙˙˙˙˙˙ ˙˙˙˙˙˙˙˙˙˙˙I˙¡*0˙˙I˙˙˙˙˙¡˙I˙˙I˙¡*9˙˙˙˙˙˙˙
˙˙˙˙˙˙˙˙˙˙˙˙I¿˙I0˙˙I˙˙˙¡˙˙˙I˙˙I¿˙I0˙˙˙˙˙˙ ˙˙˙˙˙˙˙˙˙˙˙˙I¿˙I1˙˙I˙˙˙¡˙˙˙I˙˙I¿˙I0˙˙˙˙˙˙
˙˙˙˙˙˙˙˙˙˙˙˙I˙¿I0˙˙I˙˙¡˙˙˙˙I˙˙I˙¿I0˙˙˙˙˙˙ ˙˙˙˙˙˙˙˙˙˙˙˙I˙¿I1˙˙I˙˙¡˙˙˙˙I˙˙I˙¿I0˙˙˙˙˙˙
˙˙˙˙˙˙˙˙˙˙˙˙I˙¡*0˙˙I˙¡˙˙˙˙˙I˙˙I˙¡*0˙˙˙˙˙˙ ˙˙˙˙˙˙˙˙˙˙˙˙I˙¡*1˙˙I˙¡˙˙˙˙˙I˙˙I˙¡*0˙˙˙˙˙˙
˙˙˙˙˙˙˙˙˙˙˙˙˙I¿˙I1˙˙I¿˙˙˙˙˙˙I˙˙I¿˙I1˙˙˙˙˙ ˙˙˙˙˙˙˙˙˙˙˙˙˙I¿˙I2˙˙I¿˙˙˙˙˙˙I˙˙I¿˙I1˙˙˙˙˙
˙˙˙˙˙˙˙˙˙˙˙˙˙I˙¿I1˙˙I˙¿˙˙˙˙˙I˙˙I˙¿I1˙˙˙˙˙ ˙˙˙˙˙˙˙˙˙˙˙˙˙I˙¿I2˙˙I˙¿˙˙˙˙˙I˙˙I˙¿I1˙˙˙˙˙
˙˙˙˙˙˙˙˙˙˙˙˙˙I˙¡*1˙˙I˙˙¿˙˙˙˙I˙˙I˙¡*1˙˙˙˙˙ ˙˙˙˙˙˙˙˙˙˙˙˙˙I˙¡*2˙˙I˙˙¿˙˙˙˙I˙˙I˙¡*1˙˙˙˙˙
˙˙˙˙˙˙˙˙˙˙˙˙˙˙I¿˙I2˙˙I˙˙¿˙˙˙˙I˙˙I¿˙I2˙˙˙˙ ˙˙˙˙˙˙˙˙˙˙˙˙˙˙I¿˙I3˙˙I˙˙¿˙˙˙˙I˙˙I¿˙I2˙˙˙˙
˙˙˙˙˙˙˙˙˙˙˙˙˙˙I˙¿I2˙˙I˙˙˙¿˙˙˙I˙˙I˙¿I2˙˙˙˙ ˙˙˙˙˙˙˙˙˙˙˙˙˙˙I˙¿I3˙˙I˙˙˙¿˙˙˙I˙˙I˙¿I2˙˙˙˙
˙˙˙˙˙˙˙˙˙˙˙˙˙˙I˙¡*2˙˙I˙˙˙˙¿˙˙I˙˙I˙¡*2˙˙˙˙ ˙˙˙˙˙˙˙˙˙˙˙˙˙˙I˙¡*3˙˙I˙˙˙˙¿˙˙I˙˙I˙¡*2˙˙˙˙
˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙I¿˙I3˙˙I˙˙˙˙¿˙˙I˙˙I¿˙I3˙˙˙ ˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙I¿˙I4˙˙I˙˙˙˙¿˙˙I˙˙I¿˙I3˙˙˙
˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙I˙¿I3˙˙I˙˙˙˙˙¿˙I˙˙I˙¿I3˙˙˙ ˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙I˙¿I4˙˙I˙˙˙˙˙¿˙I˙˙I˙¿I3˙˙˙
˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙I˙¡*3˙˙I˙˙˙˙˙˙¿I˙˙I˙¡*3˙˙˙ ˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙I˙¡*4˙˙I˙˙˙˙˙˙¿I˙˙I˙¡*3˙˙˙
˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙I¿˙I4˙˙I˙˙˙˙˙˙¿I˙˙I¿˙I4˙˙ ˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙I¿˙I5˙˙I˙˙˙˙˙˙¿I˙˙I¿˙I4˙˙
˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙I˙¿I4˙˙I˙˙˙˙˙˙¡*˙˙I˙¿I4˙˙ ˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙I˙¿I5˙˙I˙˙˙˙˙˙¡*˙˙I˙¿I4˙˙
˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙I˙¡*4˙˙I˙˙˙˙˙¡˙I˙˙I˙¡*4˙˙ ˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙˙I˙¡*5˙˙I˙˙˙˙˙¡˙I˙˙I˙¡*4˙˙
         . .
         . .
         . .

(a) (b)

Figure 3: Unsynchronized (a) and synchronized (b) ray clocks in moving reference frame.

6

- � � � � � � �

� � � � � � �˘

� � � � �* � � � � � � � ee e r r r � � � � � t t

x

x x − t = x − t = 0 0rA B

A′

1

a

Figure 4: Construction of the coordinate axes x and t of a system which moves with constant velocity with respect to the medium.

2.4 Limits of covariance

One physical statement of relativity theory concerns symmetry. The relativity principle claims that all laws of physics have an identical form in all inertial frames. Despite attempts to construct fully Lorentz invariant CA models [4, 37, 29], this is certainly not true for many CA evolution rules.

It would have been not unreasonable to adopt Galilean conventions for the generation of space-time frames. In the same sense, it is not totally unreasonable to consider Galilean frames, in particular absolute space and time, in physics. This is not so much a question of principle but of practice. Whether it is more functional to deőne the ray speed to be constant in all space-time frames or to consider one preferred frame of reference, is a question of operationalizability and of compactness. For instance, a preferred frame of reference can be motivated on operational grounds, such as the redshift of the łcosmic background radiation,ž or by an explicit violation of the relativity principle. Yet, Occam’s razor suggests that one uses symmetry whenever possible to obtain a theoretical description which is as compact as possible. This applies also to a Lorentz-invariant formulation of the virtual physics of CA, and of computer-generated universes in general.

Intrinsically, every CA cell corresponds to a łpoint,ž which has no extension at all, in whatever coordinate system. Since the time and space coordinates become dilatated, for systems moving with nonzero velocity with respect to the CA medium, there are łmore CA cell points per unit lengthž packed into intrinsic space, as well as there are łmore CA cycles per unit time intervalž packed into intrinsic time. Ð The statement being a modern-day version of Zeno’s paradox of the stadion (cf. [34], p. 41). This could give rise, at least in principle, to a breakdown of covariance.

3 Why no paradox?

Let us come back to Casti’s sound creaturesÐassume they call themselves SMORONSÐdiscover the possibility to generate and detect light; e.g., by sonoluminescence [10]. It can be expected that this discovery will cause a major trauma for the smorons, because they will őnd out that they can communicate much faster than by sound waves, on which their space-time frames are based. If they have applied the Einstein conventions for deőning space-time frames, they would observe light as supersonic (i.e., faster-than-sound) signal, which propagates on space-like (x^2 − t^2 > 0) world lines. Such a phenomenon which might in principle be forward in time signalling in one inertial frame could be used for backward in time signalling in another inertial frame; there always exists some (orthochronous)Lorentz transformation L which transforms a space-like wordline with t > 0 into one with t < 0.

Given backward in time signalling, a classical time paradox [38, 22, 23, 24, 21, 2, 20, 13] can be formulated: Assume two observers A and B which can communicate backward in time; i.e., a signal

6

-

HHH HHH HHHjı ıııı ıııı)

t_A

t_{A′} t_B t

x ¯˘˚ˇ^D

Figure 5: Conőguration allowing a classical time paradox.

traverses the distance x_{AB} between them in time t_{AB} such that t_{AB} < 0. Then, the observer A might emit a signal at time t_A, which arrives the observer B in t_B, where it is reŕected and is back at the observer A at a time t_{A′} < t_A, i.e., before observer A has emitted the original signal (Fig. 5). If one performs a łdiagonalization,ž i.e., if one assumes that observer A emits a signal at time t_A if and only if no signal is absorbed at t_{A′}; observer A emits no signal at time t_A if and only if a signal is absorbed at t_{A′}, one ends up with the simplest form of time paradox.

The syntactic structure of this paradox closely resembles Cantor’s diagonalization method (based on the ancient liar paradox), which has been applied by GÈodel, Turing and others for undecidability proofs in a recursion theoretic setup [27, 19].

How could the smorons cope with such a time paradox? We discuss three related possibilities.

3.1 No free will due to cryptodeterminism

One could argue that sound consists of elementary constituents (such as atoms or molecules or clusters thereof), whose motion is ultimately governed by electromagnetic forces. Therefore, the valid theory is electromagnetism, and any theory łshellž (łlevelž) such as the smoron theory of sound waves must ultimately be based upon (although not necessarily be totally derivable from) it. As has been pointed out earlier, such a łshellž is very similar to what Anderson [1] calls łemerging lawž (cf. Schweber [28]). In this picture, the elementary constituents are a sort of łhidden parametersž for smoron physics; something they can neither observe nor control. Therefore, the smoron physics does not apply to conőgurations in which their physics łshellž is inappropriate. They are unable to control the events. This is why the theory is cryptodeterministic, and the smorons have no free will with respect to diagonalizationÐthey will simply not be able to operationalize diagonalization purely in terms of sound waves.

3.2 Indeterminism

A related possibility for smoron physics is to allow superpositions of states represented by vectors of a linear space, preferably of a Hilbert space. Let the symbol u ≡ (1, 0) stand for the state corresponding to a signal absorption, and v ≡ (0, 1) stand for the state corresponding to no signal absorption, then the

diagonalization process can be described by the not-operator D ≡ ( 0 1 1 0 ) . A consistent state is formed

by the superposition ƒ := u + v ≡ (1, 1), (5)

which is the őxed-point state of D. In smoron-physical terms, ƒ corresponds to the impossibility to deterministically absorb or emit the pure states u, v.

3.3 Switching principle

A third, related, way of perceiving time paradoxa from faster-than-light signalling is based on the standard quantum őeld theoretic reinterpretation of negative energy particles moving forward in time as positive energy particles moving backward in time, which in turn are reinterpreted [30, 15] as positive energy antiparticles moving forward in time with reversed charges and velocities [5, 14, 23]. In this process, any emission is reinterpreted as absorption and vice versa. This łswitching principlež guarantees that fasterthan-light effects cannot even in principle give rise to time paradoxes such as the above one. It is thereby assumed that one cannot control the re-interpreted emission, i.e., the corresponding absorption, thereby sacriőcing free will.

4 What is this all good for?

One major goal of these considerations is the assertion that space and time are not God-given, metaphysical objects, but are subject to theoretical construction. The construction of space-time depends on conventions. Any inconsistency, for instance the possibility to construct time paradoxes, may be perceived as a problem of the improper, unfaithful construction of space and time rather than the impossibility to do certain tasks such as super-fast signalling. Any unfaithful construction of space-time may in turn be deeply rooted in the status quo of physical theory.

Appendix

A Transformation rules of light clock

φ(>, , X) =>, φ(X, , <) =<, φ( , , ) = , φ(X, , >) = , φ(<, , X) = , φ( , >, ) = , φ( , <, ) = , φ( , >, I) =<, φ(I, <, ) =>, φ(>, I, X) = ∗, φ(<, ∗, X) = I, φ(X, <, ∗) = , φ(∗, 1, X) = 2, φ(∗, 2, X) = 3, φ(∗, 3, X) = 4, φ(∗, 4, X) = 5, φ(∗, 5, X) = 6, φ(∗, 6, X) = 7, φ(∗, 7, X) = 8, φ(∗, 8, X) = 9, φ(∗, 9, X) = 0, φ(∗, 0, X) = 1, φ(0, , X) = , φ(1, , X) = , φ(2, , X) = , φ(3, , X) = , φ(4, , X) = , φ(5, , X) = , φ(6, , X) = , φ(7, , X) = , φ(8, , X) = , φ(9, , X) = , φ(X, ∗, 0) = ∗, φ(X, ∗, 1) = ∗, φ(X, ∗, 2) = ∗, φ(X, ∗, 3) = ∗, φ(X, ∗, 4) = ∗, φ(X, ∗, 5) = ∗, φ(X, ∗, 6) = ∗, φ(X, ∗, 7) = ∗, φ(X, ∗, 8) = ∗, φ(X, ∗, 9) = ∗, φ(X, 1, X) = 1, φ(X, 2, X) = 2, φ(X, 3, X) = 3, φ(X, 4, X) = 4, φ(X, 5, X) = 5, φ(X, 6, X) = 6, φ(X, 7, X) = 7, φ(X, 8, X) = 8, φ(X, 9, X) = 9, φ(X, 0, X) = 0, φ(X, I, 0) = I, φ(X, I, 1) = I, φ(X, I, 2) = I, φ(X, I, 3) = I, φ(X, I, 4) = I, φ(X, I, 5) = I, φ(X, I, 6) = I, φ(X, I, 7) = I, φ(X, I, 8) = I, φ(X, I, 9) = I, φ(X, I, 0) = I, φ(X, I, X) = I, φ(∗, , X) = , φ( , , I) = , φ(I, , ) = , φ(I, >, ) = , φ( , <, I) = .

X stands for any state.

References

[1] P. W. Anderson, More is Different, Science 177, 393 (August 1972).

[2] J. S. Bell, Speakable and Unspeakable in Quantum Mechanics (Cambridge University Press, Cambridge, 1987).

[3] J. Bell, George Francis FitzGerald, Physics World 5, 31-35 (1992).

[4] I. Bialynicki-Birula, Phys. Rev. D49, 6920 (1994). The paper introduces continuous CA states rather than discrete ones.

[5] O. M. Bilaniuk, V. K. Deshpande and E. C. G. Surdashan, Am. J. Phys. 30, 718 (1962).

[6] R. J. Boskovich, De spacio et tempore, ut a nobis cognoscuntur (Vienna, 1755); English translation in A Theory of Natural Philosophy, ed. by J. M. Child (Open Court, Chicago, 1922; reprinted by MIT press, Cambridge, MA, 1966), p. 203-205.

[7] P. W. Bridgman, A Physicists Second Reaction to Mengenlehre, Scripta Mathematica 2, 101-117;

224-234 (1934).

[8] P. W. Bridgman, Reŕections of a Physicist (Philosophical Library, New York, 1950). [9] J. Casti, private communication.

[10] L. A. Crum, Sonoluminescence, Physics Today 47, 22-29 (September 1994). [11] J. C. Eccles, The Mind-Brain Problem Revisited: The Microsite Hypothesis, in The Principles of Design and Operation of the Brain, ed. by J. C. Eccles and O. Creutzfeldt (Springer, Berlin, 1990), p. 549.

[12] A. Einstein, Annalen der Physik 16, 132 (1905); In GrundzÈuge der RelativitÈatstheorie, 1st edition (Vieweg, Braunschweig, 1956), p. 163, A. Einstein states, łThere are good reasons to assume that nature cannot be represented by a continuous őeld. From quantum theory it could be inferred with certainty that a őnite system with őnite energy can be completely described by a őnite number of (quantum) numbers. This seems not in accordance with continuum theory and has to stipulate trials to describe reality with purely algebraic means. However, nobody has any idea of how one can őnd the basis of such a theory.ž [13] A. C. Elitzur, Phys. Lett. A167, 335 (1992). [14] G. Feinberg, Phys. Rev. 159, 1089 (1967).

[15] R. P. Feynman, Quantum Electrodynamics (Benjamin, New York, 1961).

[16] E. Fredkin, Digital Information Mechanics, technical report, August 1989; Physica D45, 254 (1990);

International Journal of Theoretical Physics 21, 219 (1982). [17] M.Minsky, International Journal of Theoretical Physics 21, 537 (1982). [18] L. JÂanossy, Theory of Relativity Based on Physical Reality (AkadÂemiai KiadÂo, Budapest, 1971). [19] P. Odifreddi, Classical Recursion Theory (North-Holland, Amsterdam, 1989). [20] A. Peres and Schulman, Signals from the future, International Journal of Theoretical Physics 6, 377 (1972).

[21] F. A. E. Pirani, Phys. Rev. D1, 3224 (1970).

[22] E. Recami, Tachyons, Monopoles, and Related Topics (North-Holland, Amsterdam, 1978). [23] E. Recami, Rivista del Nuovo Cimento 9, 1 (1986). [24] E. Recami, Foundations of Physics 17, 239 (1987).

[25] O. E. RÈossler, Endophysics, in Real Brains, Artiőcial Minds, ed. by J. L. Casti and A. Karlquist (North-Holland, New York, 1987), p. 25.

[26] O. E. RÈossler, Endophysics, Die Welt des inneren Beobachters, ed. by P. Weibel (Merwe Verlag, Berlin, 1992).

[27] H. Rogers, Theory of Recursive Functions and Effective Computability (MacGraw-Hill, New York 1967).

[28] S. S. Schweber, Physics, Community and the Crisis in Physical Theory, Physics Today 46, 34-40 (November 1993).

[29] M. A. Smith, Cellular automata methods in mathematical physics (Dissertation, MIT, Cambridge, MA, 1994); availvable by ftp-service at pub/lcs-pubs/tr.outbox/MIT-LCS-TR-615.ps.gz

[30] E. C. G. StÈuckelberg, Helv. Phys. Acta 14, 322, 588 (1941).

[31] K. Svozil, On the setting of scales for space and time in arbitrary quantized media (Lawrence Berkeley Laboratory preprint LBL-16097, May 1983).

[32] K. Svozil, Europhysics Letters 2, 83 (1986). [33] K. Svozil, Il Nuovo Cimento 96B, 127 (1986).

[34] K. Svozil, Randomness & Undecidability in Physics (World Scientiőc, Singapore, 1993). [35] T. Toffoli, The role of the observer in uniform systems, in Applied General Systems Research, ed. by G. Klir (Plenum Press, New York, London, 1978).

[36] T. Toffoli and N. Margolus, Cellular Automata Machines (MIT Press, Cambridge, Massachusetts, 1987).

[37] T. Toffoli, Four topics in lattice gases: ergodicity, relativity, information ŕow and rule compression for parallel lattice-gas machines, in Discrete kinetic theory, lattice gas dynamics and foundations of hydrodynamics (World Scientiőc, Singapore, 1989).

[38] R. C. Tolman, The Theory of Relativity of Motion (Berkeley, 1917).

[39] J.von Neumann, Theory of Self-Reproducing Automata, ed. by A.W.Burks (University of Illinois Press, Urbana, 1966).

[40] St. Wolfram, Physical Review Letters 54, 735 (1985); Physica D10, 1 (1984); Rev. Mod. Phys. 55, 601 (1983); Theory and Application of Cellular Automata (World Scientiőc, Singapore, 1986).