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Preface


In this paper I first summarize and then comment on responses to the question, “Can Machines Think?” given by the following thinkers:  Alan Turing, J. R. Lucas, Hilary Putnam and John Searle.


Appendix A is a brief tutorial on Turing Machines; Appendix B is an introduction to the halting problem for Turing machines.


I have also included a bibliography of sources used in writing this paper .

1.
Alan Turing: “Computing Machinery and Intelligence”

In [1], Alan Turing, from whose pioneering investigation about the nature of computation  computer science was born
, argues that machines that exhibit human intelligence can in principle be built.  His arguments certainly put him in the camp of weak AI , which holds that machines can be built that imitate human intelligence; and I will make the case that he is a proponent as well of strong AI, which holds that if machines can be built that simulate human intelligence, then such machines literally think (not just imitate thinking).


Turing formalized the idea of what can be computed by means of an abstract machine known as a Turing machine.  There is an equivalence between what can be computed and Turing machines:  A function is computable if and only if a Turing machine can be designed to compute it.  Appendix A describes Turing machines and the idea of a universal Turing machine.


Turing accepted the equivalence of Turing machines with formal systems.  Both embody the idea of a completely mechanical (syntactic) operation, each step of which uses a finite set of rules and a current state to derive a subsequent state by application of one of the rules.

1.1
The Imitation Game


Turing felt that the definition of thinking was too vague to answer the question, ‘Can machines think?’ and proposed that the question could be answered on the basis of the imitation game.  In the imitation game a machine tries to influence a human being into thinking that it, rather than the mind of a real human, is a human mind .  In the game scenario, a human and a computer are hidden behind a screen and communicate with a human interrogator via teletype.  The interrogator asks questions and both the human and computer type responses.  Turing conjectured that by the year 2000: 

"it will be possible to program computers with a capacity of about 109, to make them play the imitation game so well that an average interrogator will not have more than 70 per cent chance of making the right identification after five minutes of questioning.

Turing felt that the original question, ‘Can machines think?’ should be replaced by:

“Are there imaginable digital computers which would do well in the imitation game?”
 

While Turing believes that such machines will built by the year 2000, the question is not whether such machines will be built or even can be built, but whether they can be imagined. 


Why did Turing feel that it was hopeless to define the word thinking ? 


To appreciate the problem, consider the sentences:

(1) Can machines fly?

(2) Can machines swim?

We would answer (1) with yes, and (2) with no.  The answers have little to do with the capabilities of airplanes or submarines, and more to do with linguistic practice.  Swimming implies the use of limbs for locomotion.  Moreover, we can use the word “think” metaphorically, as in “My modem doesn’t work.  The computer thinks that it is a 2400 baud line.”  The practical possibility of “thinking machines” has been with us for about 40 years, not long enough for speakers of English to settle on an agreed on meaning of the word “think”.  If we define “think” as “make decisions with an organic, natural brain”, clearly computers can’t think; but if we define “think” as “make rational decisions computationally”, then computers can in principle be capable of thinking.  Ultimately, the linguistic community will come to a decision that suits its need to communicate clearly.


Turing believed that by the year 2000 language would incorporate a change in perspective regarding machine intelligence, and that people would be comfortable in saying that computers think.  It doesn’t appear that this has happened yet for the general public, although some of the scientific community may be comfortable with this usage.

Commentary:


Turing’s imitation game does not include sensory abilities such as vision and speech.  The total Turing Test  includes a video signal so that an interrogator can test the machine’s perceptual abilities.  A computer would need computer vision and robotics to pass this version of the imitation game.

1.2
Objections Raised and Answered


Turing considers nine (9) objections to the idea that machines can exhibit intelligence.  One is struck by the informality and reasonableness of his arguments.  Turing raised and answered most of the issues that have been discussed on the question in the near half-century since he wrote his paper.

(1) The theological objection


The theological argument is roughly this:  Thinking is a function of man's immortal soul.  While God gave souls to every man and woman, God didn't give souls to animals or machines.  Hence no animal or machine can think.


Turing believes that man is more similar to animals than animals to machines, and therefore animals should be grouped with humans rather than machines.  Notwithstanding this, he makes the following arguments against the theological view:

(i)   It is arbitrary, as can be seen by considering the Moslem view which holds that women do not have souls; 

(ii)  Why couldn't God confer a soul on animals or machines?  If He could  not, isn't this a restriction on His omnipotence?; 

(iii)  Theological arguments haven't been very impressive in the past.  For example, theologians tried to refute Copernican Theory with texts such as: "He laid the foundations of the earth, that it should not move at any time" (Psalm cv 5).


Turing realizes that he probably can’t persuade those with a theological objection.  

(2) The `Heads in the Sands' Objection


There are those who feel that it is too dreadful to contemplate the implications of machines thinking.  Turing doesn’t discuss the implications of machines being equivalent to minds.  He really feels that there is not any argument here; rather, those feeling this way need consolation, not refutation.

Commentary:


What will be the effect on culture if machines can think?  What will be the effect if man is reduced to an automaton?  Turing doesn’t explore these questions, perhaps because his view of scientific truth holds that truth is immune from any objections based on analysis of its consequences.


But is this a rational viewpoint?  If man is reduced to an automaton, what does this say about human free-will and human dignity?  The characters in Sagal’s “Mind, Man & Machine: A Dialogue” explore the ramifications of minds being reduced to formal systems:

Matt:  This would make men machines; it would destroy the concept ion of man as a rational, free-willing animal,; and that is the very core of our culture and our civilization.  We would be, in the words of ...B.F. Skinner, beyond freedom and dignity....From our input-stimuli and program-states, all our behavior could be, in principle, predicted.  (And even if there were room for some kind of random element, this would hardly be the free will of human agency.)  Our morality would...bite the dust...there could be no responsibility...religion would also go...The rational thing to do is to prefer the dignity of man over mechanistic arguments.”

Phil:  You need a theory of rationality to make that claim...Some...would characterize your...approach as irrational...Sir Karl Popper holds that science progresses through a process of conjecture (guess) and refutation.  On this view, rationality treats nothing as...immune to refutation.  I guess the problem...is to choose between competing concepts of rationality or combine elements from both.


It can be argued--the position of compatibilism  or soft determinism--that a person is free, in the sense of not being coerced or compelled by some external factor, if a person’s behavior is the result of the person’s character.
   Russell and Norvig define autonomy in the same way:

“A system is autonomous to the extent that its behavior is determined by its own experience.”

Thus, by this view, there is no loss of freedom (or dignity) here.


On the other hand, in Computer Power and Human Reason , Joseph Weizenbaum argues that continued AI research may become unethical because it makes possible the idea that humans are automata--with the loss of autonomy or even humanity.


Another way of looking at this is that humans are part of a creative process, and that we can fulfill our creative destiny by creating other entities in our image, just as we were perhaps created in the image of this creative process.

***********************************

(3) The Mathematical Objection


Turing himself (Turing, 1936) showed that there are limitations to the powers of a discrete machine.  An example is the halting problem 
 which asks:  Will a program, P, eventually halt or will it run forever?  Turing proved that for any algorithm, H, that purported to solve the halting problem, one could find a program, P, such that H will not be able to answer the halting problem correctly.  The halting problem has an analog in Gödel’s incompleteness theorem:

"in any sufficiently powerful logical system statements can be formulated which can be neither be proved nor disproved within the system, unless possibly the system itself  is inconsistent."

Turing reminds us that there are similar results due to Church, Kleene, and Rosser.


If a Turing machine is rigged up to give answers to questions as in the imitation game, there will be some questions to which it will either give a wrong answer, or fail to give an answer at all, however much time is allowed for a reply.


Some argue that this mathematical result  “proves a disability of machines to which the human intellect is not subject."
 


Turing argues that there is no proof that the human intellect does not suffer from the same limitations as machines.  If a Turing machine gives the wrong answer to the halting problem or no answer at all, can a human really feel superior?  After all, we are fallible, too.  And while one machine may give a definite and wrong answer, there would be many other machines that would not so answer.

Commentary:


I will elaborate on Turing’s response in the next section which deals with Lucas’ formulation of the mathematical argument against mechanism, using essentially the same argument--that we have no way of showing that we do not have the same limitations as machines--but arguing from Gödel’s incompleteness theorem, instead of the halting problem.

(4)  The Argument from Consciousness


Turing cites a Professor Jefferson who argues that a machine isn’t equivalent to a brain unless the machine can write a sonnet out of feelings and thoughts and know that it has written it.  In other words, if a machine isn’t conscious, it can’t think.


Turing realizes that this view probably denies the validity of the imitation game as a test of thinking by machines.  Instead of giving reasons why machines can be conscious, Turing’s argument is that the question is ill-posed, just as is the question, ‘Can machines think?’  In its most extreme form, Turing argues that it is a solipsist position:

“...the only way to know that a machine or a man thinks is to be  that man or machine and feel oneself thinking...the only way to know that a man  thinks is to be that particular man.”

Turing doesn’t believe that Professor Johnson, or anyone else who adopts this viewpoint, wishes to adopt the solipsist viewpoint.  As he puts it:

“instead of arguing continually over this point, it is usual to have the polite convention that everyone thinks.”

In an effort to persuade him that the Turing test is a reasonable test, Turing gives an example of viva voce, a game used to discover whether someone really understands something or has learned it `parrot fashion'.  In the example given, the machine answers questions involving the choice of a metaphor in a Shakespearean sonnet in a manner worthy of a poetry critic.


Turing concludes by saying that he is sympathetic to the problem of consciousness:


"I do not wish to give the impression that I think there is no mystery about consciousness.  There is, for instance, something of a paradox connected with any attempt to localize it."
 


Russell and Norvig point out that

“Jefferson’s objection is still an important one, because it points out the difficulty of establishing any objective test for consciousness, where by ‘objective’ we mean a test that can be carried out with consistent results by any sufficiently competent third party.”

Commentary:


Turing says that consciousness, like thinking, is ill-defined.  He felt confident that the meaning of thinking would change so that people would by the turn of this century feel comfortable with the idea of machines thinking.  Would he hold a similar view, if pressed, about consciousness?  His remark about the ‘mystery’ of consciousness is evidence that he considered it a more ticklish problem than that of thinking.  His allusion to the paradox of localizing consciousness is, I believe, the same problem that is posed by Searle:  How can there be consciousness when none of the components of the brain--molecules, neurons, etc.--have this property?


In the discussion of John Searle’s views about machines and consciousness, I will provide additional commentary.

(5)  Argument from Various Disabilities


The gist of this argument is that you can't make a machine do X, where X may be "be kind", "fall in love", "enjoy strawberries and cream", "learn from experience", "make mistakes", "do something really new", "be the subject of its own thought", “do something really new”, etc.  Turing’s main counter to this objection is that people’s idea of what a machine can do is generalized through scientific induction from the specialized machines they have seen.  Since they have never seen a machine that could do X, they argue that there is no such machine. These people are unfamiliar with digital computers equipped with sensors and programs to carry out reasoning.  He points out that the general population found it difficult to believe that computers could solve numerical equations or compute ballistic trajectories.
  As Russell and Norvig remark,

“Even today, many technically literate people do not believe that machines can learn.”


Turing comments on a machine’s capabilities with regard to some of the specific X’s listed above.


With respect to machines never making mistakes, it is true that machines (at least an abstract Turing machine), by definition, are incapable of errors of functioning .  If they are programmed to make an occasional mistake, to imitate human performance in typing, for example, this is not a mistake in the normal use of the word, since it is an intentional mistake to better simulate human behavior.  On the other hand, if a machine draws a conclusion from induction, it could well make a mistake, since induction isn't infallible.  In fact, the machine’s fallibility here matches human fallibility.


Turing argues that one can  speak of a machine being the subject of its own thought:  

[A machine] "may be used to make up its own programs, or to predict the effect of alterations to its own structure.  By observing the results of its own behavior, it can modify its own programs so as to achieve some purpose more effectively."

(6) Lady Lovelace's Objection


Lady Lovelace, in a memoir discussing Charles Babbage’s Analytical Engine--whose design incorporates all of the features to make it equivalent to a universal digital computer--stated that:

"The Analytical Engine has no pretensions to originate anything.  It can do whatever we know how to order it  to perform."

Turing believed that computers could be programmed to learn and ‘think’ for themselves, although he had little proven evidence of it at the time.  His views about machine learning are discussed below in (9).


Turing makes the point that if Lovelace is saying that a machine can never do anything really new, one can parry with the old saw, that ‘there is nothing new under the sun’.  What do we mean by original, new?  How does anyone know whether an ‘original’ work wasn’t related to some seed planted earlier or deduced from general principles.  A better objection might be that machines never take us by surprise.  But Turing relates that computers frequently take him by surprise, because they produce correct results that are far from what he was expecting through his own estimates.  He also points out that surprise is more of a creative act of the mind that detects it than something that reflects on the machine.  Finally, surprise can come as a result of the formal process of inference.  Turing points out that making inferences from data and general principles is not something that the mind does automatically or immediately--there is ‘virtue’ in working out consequences.

Commentary:


One of the things we can tell a machine to do is to learn.  Samuel’s checker-playing program
 performed poorly at first, but with the heuristics that Samuel incorporated into the program, it gradually learned to play very well, much better than Samuel.  Lady Lovelace might counter that the program’s ability to learn originated with  Samuel, and so did its ability to play checkers.  But we could counter by saying that Samuel’s creativity came from his parents and so on.

(7) Argument from Continuity in the Nervous System


The argument from continuity in the nervous system is that the nervous system is not a discrete state machine, and since a small error in measuring the input impulse to a neuron may make a large difference to the size of the output impulse from the neuron, we may not be able to mimic the nervous system as a discrete state system.


Turing agrees that there is a difference between a discrete state and a continuous system.  But he argues that the interrogator in the imitation game can’t  exploit this difference to advantage.  If I understand his argument, the reason is that the digital computer only needs to model the behavior of the human approximately.  Turing takes the example of a differential analyzer, and says that although it is impossible to predict exactly what answer the differential analyzer would give to a problem, such as estimating the value of , one could give a probabilistic answer that would be very hard for an interrogator to distinguish from the answer of the differential analyzer.  

Commentary:


A discrete state device must be different from any continuous (i.e., analog) system.  Turing argues that we don’t need to provide identical outputs, but approximations that are close enough to make it difficult to distinguish the responses of the two systems for an interrogator.  He believes this is in general possible.  At least there is no proof that it is not possible.


Turing’s argument here, as usual, is an informal one, not a proof.

(8) The Argument from the Informality of Behavior


The argument is that human behavior cannot be represented by a set of rules that determines each human action.  Therefore, humans cannot be machines.


Turing agrees that it is impossible to devise a set of rules that would govern a person's behavior in every conceivable situation.  The argument is that given a fixed set of rules, one can always imagine a situation that no rule applies to.  He gives the following example:

“One might for instance have a rule that one is to stop when one sees a red traffic light, and to go if one sees a green one, but what if by some fault both appear together?  One may perhaps decide that it is safest to stop.  But some further difficulty may well arise from this decision later.  To attempt to provide rules of conduct to cover every eventuality, even those arising from traffic lights, appears to be impossible.  With all this I agree.”


From the impossibility of describing human behavior by a finite set of rules, the proponents of this argument conclude that men cannot be machines.  What is the argument?  Turing describes its structure as shown below:

Premise 1:  If a person were representable by a set of rules, 
that person would be a machine.

Premise 2:  A person is not representable by a set of rules.

Conclusion:  A person is not a machine.

The argument is, of course, fallacious.  (Fallacy of denial of the antecedent)


Turing then argues that if we substitute ‘laws of behavior’ for ‘set  of rules’, he would agree with the argument, since he would strengthen the first premise to be:


A person is representable by laws of behavior if and only if that person is a 

machine.

 
The argument could then be cast as below:

Premise 1:  A person is representable by laws of behavior if 
and only if a person is a machine.

Premise 2:  A person is not representable by laws of 
behavior.

Conclusion:  A person is not a machine.

Here, the conclusion is valid. (Modus tollens.)


However, Turing argues, it is harder to convince ourselves that we are not governed by `laws of behavior' than by a set of rules.   Thus, Turing questions the validity of the second premise, which is needed to draw the conclusion that a person is not a machine.  He gives an example of a short program that computes a function from a 16-digit input in 2 seconds.  He defies anyone to learn from the outputs how to predict future outputs from untried inputs.  The difficulty--the practical impossibility--of predicting behavior doesn't mean that the program doesn't exist!  Similarly, scientists, in searching for laws of behavior in any field, don’t give up, saying, there are no laws of behavior--they keep looking.

Commentary:


With respect to the impossibility of a rule-based system completely covering the range of human behavior, it seems that one can always construct a situation that is not covered as follows:  For each rule, create a situation such that the rule does not apply (the negation of the conditions of the rule), and then take the conjunction of the situations that one obtains.  Suppose, you might argue, that for any rule such as the traffic light rule, we have an otherwise clause to cover any other condition of the traffic light with some default action.  The problem here is that we specify the otherwise to cover a group  of rules pertaining to a situation type--and we could define a situation that was not of this--or any--type.  This leads to a default action at the top of the type hierarchy.


The point is, I think, that even if we could cover any situation by means of default rules, we would find that pre-defined default rules would not serve us well at all.  But then, how do  we cope with novel situations?  There are always some similarities with past experience.  Based on experience, we decide on (compute) some best action.


A second point is in reference to Turing’s argument regarding substituting laws of behavior for rules.  What is the difference between a rule and a law?  Presumably, laws of behavior, if they are universal, apply to any situation.  What is the law by which we determine what to do in a novel situation (for which no rule seems applicable)?  Is it some utility function?


Russell and Norvig, in an excellent discussion of Hubert Dreyfus’ critique of weak AI
, categorize his arguments as being primarily arguments from informality.  Dreyfus argues that human behavior cannot be described by a set of rules that ultimately reduces to operations of matching, classifying and Boolean operations.
  He is led, therefore, to hypothesize mechanisms that explain human behavior, mechanisms which computers cannot simulate.  For example, he provides a theory of how experts behave without reference to explicit rules (by recognizing patterns, by chunking, and so on).
  In so doing, he, like any critique of weak AI, becomes an AI/cognitive psychology researcher, answering the question, ‘If AI mechanisms cannot work, what mechanisms can?’


A problem of the weak AI critic is that events can overtake the predictions.  Although computer chess programs do not play like human grand-masters, they are now competitive with grand-masters.


To conclude, it is hard to show that the computational view is inapplicable, because the search for an explanation leads us to hypothesize an alternative--some other blow-by-blow physical description, that is, some discrete model of physical laws.  It seems that a computational explanation (as in understanding) is what we search for.

(9) The Argument from Extra-sensory perception


Turing thinks there is overwhelming statistical evidence for ESP.  He also considers that if there was telepathic communication between an interrogator and a computer, the interrogator could make the correct identification since the machine does not have telepathic powers.


Turing’s response is to disallow telepathy by putting the competitors in a `telepathy-proof' room.

Commentary:


Turing’s belief that humans may have mental powers (ESP) that machines do not have is a good example of his not being dogmatic.  He doesn’t have an ‘ax to grind’.  He is not arguing that humans are superior to machines or vice-versa, or that humans are machines (obviously, he believes here they may not be).  He admits that ESP may be able to defeat the imitation game.  Fine--let’s exclude ESP powers then.


At the same time, Turing expresses his discomfort with the existence of ESP.  He would like to find a way to explain it.

1.3
Turing’s Research Program for AI


In the last section of his paper, titled “Learning Machines”, Turing discusses the possibility of machine learning and outlines directions that he thinks would be fruitful for succeeding at the imitation game over the next 50 years.  In fact, although AI has not focused on the imitation game to any large extent, much of his program has been followed.


Turing admits that he has no convincing argument to offer to support the idea that computers exhibit intelligence.  He suggests instead two analogies:

(i) 
The first analogy is the simile of critical size in reference to an atomic pile.  An injected idea corresponds to a neutron entering the pile.  Humans respond ‘subcritically’ to most ideas--perhaps an idea gives rise to less than one idea in response.  But sometimes, a human mind will respond ‘supercritically’ with a whole ‘theory’ consisting of many primary, secondary, tertiary and remote ideas.  Can a machine be made to be `supercritical' like humans?

(ii) 
The second analogy is that of ‘peeling an onion’.  If we peel--like the skin of an onion--the outer layers of mind, whose functions we understand mechanically, and keep peeling, maybe we’ll find that there's no `real' mind underneath...and so, we will have found that the entire mind is mechanical.


The acid test, of course, Turing says, is to wait until 2000, then do the proposed imitation game experiment.  Meanwhile, what to do to prepare for this experiment?


The main task is programming.  Estimates of brain storage capacity in his time were between 10**10 and 10**15 storage locations (digits), most of which Turing believed was for storage of visual images.  He estimated that 10**9 locations would suffice for the imitation game against a blind man.  He argues that the speed advantage of a computer --3 orders of magnitude faster than speed of neurons/nerve cells--would give computers a ‘margin of safety’.  Turing estimated that a team of 60 programmers working for 50 years might be sufficient, using a computer with 1 megabyte (a million characters of storage).


Turing thought a more efficient method than trying to teach a computer everything about ourselves would be for them to learn as children do by means of (i) a child-program and (ii) education of the child-program.  His idea is too simulate a child’s brain and then educate it to obtain the adult brain.  He draws the following analogy:


Structure of the child-machine
=
Hereditary material


Changes  to the child-machine
=
Mutations


Natural selection

  
=
Judgment of experimenter

Turing assumed that the judgment of experimenter and programming of changes devised by the experimenter would work faster than natural selection plus mutations--that is, the time required to accomplish the educational process would be several orders of magnitude faster than evolution.


What would be some of the characteristics of the learning machine?

•
The essential element of educating is two-way communication.

•
Instead of rewards-punishments, Turing proposed the following reinforcement principle (no feelings assumed): 

"The machine has to be so constructed that events which shortly preceded the occurrence of a punishment-signal are unlikely to be repeated, whereas a reward-signal increases the probability of repetition of events that led up to it."
 

•
Reliance on `punishment-reward' is only part of teaching--there would also be a neutral language of communication with instructions.

•
Turing envisioned that the computer would include a system of logical inference together with propositions and definitions that would take up most of store.

•
Turing envisioned rules on which the machine would act and recognized that ordering of rules to be applied was both important and difficult.  He thought the machine could induce some of the ordering principles.  Some could be programmed with a rule such as: 

"If one method is more efficient than another, don't use the slower method."

•
While the basic rules of a machine that learns do not change, some less basic rules might, much as the U.S. Constitution is mainly intact, but has amendments.

•
A characteristic of a learning machine is that its teacher will be largely unaware of what is going on inside the machine, though one might be able to predict its behavior to some extent.

•
The learning machine will learn `fallibility' in a natural way .  A characteristic of learned--as opposed to logical---processes is that the result of a learned process is a result with less than 100 percent certainty.  The machine would learn inductively.

•
Turing thought a random element should be part of the learning machine.  He points out that sometimes a random search is a better heuristic than a systematic search--the systematic search has the disadvantage that there may be a large block of the solution space with no solutions in the region to be investigated first.  Random search has the further advantage of not having to keep track of which elements have been searched; although you may repeat, this isn't so bad if there are a multiple solutions. Finally, randomness is a part of the analogous process of evolution where, Turing argues, a systematic method could not keep track of all the different genetic combinations that had been tried so as to avoid trying them again.


Finally, Turing wondered where to start the research.  All intellectual domains were fair game.  On the one hand, one could start with a narrow domain such as chess.  Alternatively, one could equip the machine with the best sense organs that money could buy , teach it to understand English, and follow the normal process of teaching a child.


Turing didn't know which method would be better, but thought both should be tried.

Commentary:


With respect to Turing’s prediction that a computer may be successful at the imitation game, the fact of the matter is that no computer system will be likely to pass the imitation game by the year 2000, nor are AI researchers quick to predict when one might.


It is important to note that there has not been a focused effort in the AI community to pass the Turing test.  Insofar as human capabilities have been provided for machines, they have been provided so that machines can interact with humans, as in natural language processing and in expert systems that explain how they reached their diagnosis.  But the underlying reasoning and representations in AI systems have been based on problem analysis rather than cognitive models.


Nevertheless, understanding the human mind is arguably one of the ‘last frontiers of science’, and AI thinking has provided cognitive psychology with useful cognitive models in a number of areas (e.g., problem-solving,  vision).  An impressive array of scientific talent is attacking difficult problems, some of whose solutions are embodied in human intelligence.  When AI researchers solve a problem--such as recognizing objects--the results often show the complexity of the problem space and suggest which strategies might be actually used by biological systems in solving the problem.


As an example, AI has been quite successful in games.
  Herbert Simon predicted in 1958 that computers would be chess champions in 10 years.  He was criticized for being wildly optimistic and it’s true that he overestimated progress in the field of AI.  Nevertheless, it turns out that in this instance he was not that far off.  In 1968, the computer chess champion had a rating of 1500 relative to a world champion’s (average) rating of 2500.  In 1976, the computer performance rating was 1900; in 1988 and 1994, 2600.  It is currently ranked among the top 100 chess players world-wide, and has beaten and drawn with grand masters.  The last championship in 1995 was very competitive between word champion Kasparov and Deep Thought 2, though Kasparov retained his championship at the end decisively.  If one extrapolates from the trend in computer performance, one might expect that a computer will be world champion by the year 2000.


A fanciful solution to the question of whether machines think is to ask the machine’s opinion on the matter.  We construct as advanced a robot as we can, one that speaks English.  Or alternatively, we construct a Turing child machine and teach it English.  The machine will be programmed to always tell the truth.  Then, we could ask the computer questions like, ‘Do you think?’, ‘ Do you have feelings?’, and ‘Are you conscious?’  Of course, it may be that our robot--and perhaps no robot--can provide answers to these questions.

2.
J. R. Lucas: “Minds, Machines and Gödel”
2.1
The Gödel formula is the Achilles’ heel of the cybernetical machines


Lucas asserts 

"Gödel's theorem seems to me to prove that Mechanism is false, that is, that minds cannot be explained as machines."

He claims that most mathematical logicians with whom he has talked agree with him, although they weren't ready to commit until they had seen the whole argument set forth.  In “Minds, Machines and Gödel”, Lucas sets forth the whole argument.


Gödel's theorem (his First Incompleteness Theorem) states that any consistent formal system which is expressive enough to include elementary arithmetic and logic will contain formulae which are true but unprovable.


Consider the formula, f, which says 'This formula is unprovable-in-the-system'.  Assume that f is provable-in-the-system.  Then f is false, since it states the opposite.  But, equally, if f is provable-in-the-system, f is true--because if a formula is provable, that means it is true.
  So, we have a contradiction.  This contradiction must be due to our assumption that the f is provable-in-the-system.  Thus, our assumption is false, so that f is unprovable-in-the-system.  Then, f is true, since it states exactly that.


Lucas next asserts the equivalence of cybernetical machines to formal systems:

Suppose we give such a machine the rules of arithmetic and logic and some axioms.  We can prove that whatever the machine produces was derived from its rules--we can give a formal proof of what is produced.  So,

“Gödel’s theorem must apply to cybernetical machines, because it is the essence of a machine to be the instantiation of a formal system.”


Thus, we  can see that f true--but the machine cannot.

“It follows that no machine can be a complete or adequate model of the mind, that  minds are essentially different from machines...The Gödelian formula is the Achilles' heel of the cybernetical machine."


But, can’t we equip a machine with a procedure that computes the Gödel formula of the system, F?  Yes, but that Gödel formula, f, is not part of the formal system, F, whose Gödel formula it is.  In this case, we have a second formal system, F’, the union of F and f.  And so on ad infinitum .  But the resulting system with this infinity of Gödel formulae as axioms will still not be complete, will still have a Gödel formula that is true but not provable, because there must be some finite rule or specification for this infinite set of axioms, since the machine is a formal system.  There is no escaping the fact that if a formal system is consistent, it is incomplete.  We, standing outside of the system, can know that its Gödel formula is true, but not provable within the system.

Commentary:


How does it follow that no machine can be a complete or adequate model of the mind?  Because, Lucas answers, “minds are essentially different from machines”.  What is meant by “essentially different”?  What is the nature of these different capabilities?


Our mind’s proof by contradiction that f is true assumes that F is a consistent formal system.  If F, like us, assumed its own consistency, F could, like us, prove that f was true.  Gödel’s Second Incompleteness Theorem states that a formal system with the expressiveness of logic and elementary arithmetic cannot prove its own consistency.  F , then, cannot prove its own consistency.  We, outside of F, may be able to prove the consistency of F.  We are  different from f--by virtue of the fact that we are outside of f.  But, whether this means that our mind cannot be modeled by a Turing machine is unclear.


Thus, it seems that the difference in capability is due solely to the ‘accidental’ fact that mind is outside of F, while F being identical with itself, cannot be outside itself.  How does it follow  that mind cannot be modeled by machine?  Does Lucas mean that the mind can be outside of, can transcend, itself?


At issue is whether our mind is a formal system or not.  If our mind is a formal system, we, like F, cannot prove our mind is consistent either.  If the mind is a formal system, it, too, has a Gödel formula which it does not know to be true.  In this, we would be the same as--not different from--f.  For us, too, the Gödel formula would be an Achilles’ heel.


The crux of Lucas’ argument relies on the fact that the mind is not a formal system--which has not been argued yet.  Thus, to this point in the argument, it does not follow that the mind is essentially different from a machine.


What would serve to demonstrate that mind is not a formal system?  One way would be for the mind to prove its own consistency.  But we are anticipating Lucas.

2.2
The Human Mind is Consistent


Gödel's theorem applies only to consistent systems.  All we can say  is that if a system, F,  is consistent, then the Gödelian formula, f, is unprovable-in-the-system.  Gödel's second theorem states that the consistency of a formal system cannot be proved within the formal system.  Lucas argues that there is no absolute proof of the consistency of the machine.  The best we can say is that the machine is consistent if we are.  We cannot really apply Gödel's first theorem, unless we can establish that we (mind) are consistent.  Can we establish our own consistency?


Lucas’ argument boils down to this:  We can assume that our mind is consistent, though fallible; we can root out any inconsistencies that appear.  If our mind is a formal system, we can not prove its consistency; but  if our mind is not a formal system, Gödel's results don't hold.  Lucas argues that we can believe we are consistent, can assume we are consistent, and can decide to be consistent.   He argues informally   for the consistency of the mind.  


The Gödelian formula is self-referring.   We are asking a machine to  answer a question about its own processes, asking it to be self-conscious.  It cannot.  However, we, as conscious beings, know that we know, and we know that we know that we know, and so on.  Yet, we don't see the mind as an infinite sequence of selves and super-selves ad infinitum.  We avoid the infinite hierarchy of formal systems that we encountered with a machine equipped with a Gödelizing operator or procedure.  A conscious being can be aware of itself, as well as of other things, yet not be construed as being divisible into parts:

"..we insist that a conscious being is a unity, and though we talk about parts of the mind, we do so only as a metaphor, and will not allow it to be taken literally...It means that a conscious being can deal with Gödelian questions in a way which a machine cannot, because a conscious being can both consider itself and its performance and yet  not be other than that which did the performance.  A machine can be made in a manner of speaking to 'consider' its own performance, but it cannot take this 'into account' without thereby becoming a different machine, namely the old machine with a new part added."


As a conscious beings, we can reflect upon ourselves and critique our own performance:  we are complete, have no Achilles’ heel.


Lucas realizes that his argument against Mechanism has shifted from a mathematical proof to conceptual analysis.  He then considers remarks  in “Computing Machinery and Intelligence” where Turing says that most minds and all machines are subcritical--they don't respond actively to most statements--but maybe in the future this will change as machines become more 'complex', have a 'mind of their own'.  Lucas muses that this may indeed be the case.  In this case, he will not call these complex machines--but minds.  At the end, Lucas argues that if we succeed in building a machine that isn't floored by the Gödel theorem, we will have created a mind.

Commentary:


Lucas is led, then, to admit that we cannot use Gödel’s theorems to prove that man is not a machine.  Rather, at the end, he relies on an informal  argument from consciousness.  Being conscious, able to reflect on and correct our inconsistencies, we can circumvent the problem of self-reference, and assert our own consistency.  


Finally, in a turnabout, Lucas admits the possibility of complex machines being created that are no longer machines, but minds.  Turing’s insight, that consciousness may be a property of complex systems, mirrors the contemporary strong AI  view.  Lucas demonstrates open-mindedness in entertaining the idea that this may be the case.


Not only is Gödel’s incompleteness theorem not helpful, perhaps it can be used to show that Turing machines are better off then humans, as the following argument regarding ’Tarski’ sentences seems to indicate:

Speakers of English are in worse shape than machines.  It’s true that we distinguish between truth and theoremhood.  But our English intuition of truth leads to the following problem:  Consider the Tarski sentence, S, where S=‘This sentence is not true.’  Assume S is true. But S states that S is false--so S must be false.  But equally, if we assume S is true, S must be true.  So we have a contradiction.  But this must be due to the fact that we assumed S was true.  So, S is not true, which is what S states.  So, S is true.  This leads to inconsistency:  S is true and not-S is true.  Any language that contains a Tarski sentence is inconsistent:  S is true, iff S is false; and S is false iff S is true.  But machine arithmetic speakers are not necessarily inconsistent:  they are either inconsistent or incomplete.  Better to be incomplete than be doomed to be inconsistent.  So, Gödel’s theorem seems to prove that humans are inferior to machines.

It is true that there is no ‘model’ that satisfies a Tarski sentence (makes it true).  However, in a formal system, F, if we assume that F is consistent, then, from within the system, we can prove F’s Gödel formula , f.  This results in F being inconsistent.  So, I’m not certain we humans, who are doomed to inconsistency with Tarski sentences, are any worse off.


Is there a kind of type mismatch in talking about the consistency of the mind, considered as an informal system?  Consistency is a property of formal systems.  It does not seem the appropriate term to use for the mind, considered as an informal system;  nor, if the mind is a formal system, does it seem appropriate to assert its consistency informally.



What is lost if mind is Mechanism?  Lucas, like Turing, doesn’t really explore the ramifications--perhaps he assumes the results would be devastating.


Lucas’ essay is brilliantly constructed, and has an inward movement from Gödel to an appeal to consciousness.  However, remarkably, what it ends up showing is that Gödel’s theorems do not  prove that mind is not Mechanism!

3.
John Searle: “Minds, Brains and Science”

In the first two chapters of “Minds and Machines”, John Searle explores the relationship between mind and body and then between mind and digital computer.  Since his conclusions about the second question draw upon his conclusions to the first, I will start with a brief sketch of his analysis of the mind-body problem.

3.1
The Mind-Body Problem


Searle characterizes the problem as follows:

“We think of ourselves as conscious, free, mindful, rational  agents in a world that science tells us consists entirely of mindless, meaningless physical particles.  Now, how can we square these two conceptions?  How, for example, can it be the case that the world contains nothing but unconscious physical particles, and yet that it also contains consciousness?  How can a mechanical universe contain intentionalistic human beings--that is human beings that can represent the world to themselves?  How, in short, can an essentially meaningless world contain meanings?”

He states the mind-body problem again as:

“Why do we still have in philosophy and psychology after all these centuries a ‘mind-body problem’ in a way that we do not have, say, a  ‘digestion-stomach’ problem?  Why does the mind seem more mysterious than other biological phenomena.”


In part, Searle sees this as a problem of using 17th century vocabulary in the 20th century.  He views monism and dualism as ‘tired, old’ categories, and he aims to break free of them.  Since Descartes, the mind-body problem has been formulated as:  How can we account for the relationships between two apparently completely different kinds of things, mental things which we think of as subjective, conscious and immaterial; and physical things, which we think of as extended in space, having mass, and as causally interacting with other physical things?  Most solutions--including behaviorism, functionalism and physicalism--end up denying that we have subjective, conscious mental states that are as real and as irreducible as anything else in the universe.


Why this denial of the mental character of mental states?  Searle gives four features of mental states that are hard to fit into a scientific conception of the world made up of physical things: 


(i) consciousness   It’s existence is a fact, the central fact of specifically human existence without which every other specifically human aspects of our existence could not exist ; 


(ii)  intentionality  How can the brain--its atoms--refer to anything, be about anything?

(iii) subjectivity of mental states  I can feel my pains and you can’t; I am aware of myself and my internal states as distinct from the selves and mental states of others.  We think of reality as being objective--equally accessible to all--but our mental phenomena are subjective; 


(iv) mental causation  How can mental stuff (‘deciding to’) affect physical objects 

(‘raise my hand’)? 


These four features are real.


Searle claims that he has a simple solution to the mind-body problem, consistent with what we know about neurophysiology and with our commonsense conception of the nature of mental states.


He presents two theses:

1.
All of our mental states are caused by processes going on in the brain.


For example, our sensations of pains are caused by a series of events that begin at free nerve endings and end in the thalmus and in other regions of the brain.  In fact, we know (from phantom-limb pains felt by amputees and pains caused by artificially stimulating relevant portions of the brain) that pains can be caused by events within the nervous system.  If we equate the brain with both brain and central nervous system, then the brain causes mental states.  If nothing happened within the brain, there would be no mental events.  If the right things happen in the brain, mental events will occur even without an external stimulus.

2.
Mental states are features of the brain .


When we think of A causing B, we usually think that there are two discrete events.  We can view causality in another way.  At the micro-level, the lattice structure of molecules accounts for the global feature of solidity.  Surface features are caused by behavior of elements at the micro-level.  The surface feature is both caused by and realized in the system that is made up of micro-elements.  The commonsense notion of solidity is identified with the scientific view of the lattice structure of molecules.  We don’t say that any one molecule is solid--it is a property of the system of molecules.


In the same way, Searle proposes that surface features of the brain--consciousness, mental states--are both caused by and realized in a micro-structure of neurons.  No single neuron is conscious or has pain.


Using these two theses, Searle presents a solution to the puzzling features of minds:

(i)  Consciousness--Just as it is no longer mysterious to us that matter should be alive, it shouldn’t be mysterious that brains should be conscious.

“Once we understand how the features that are characteristic of living things have a biological explanation, it no longer seems mysterious to us that matter should be alive.”
[

Similarly, Searle thinks that once we understand that there are biological processes, that there are

“specific electrochemical activities going on among neurons or neuron-modules...and these processes cause consciousness”
,

the mystery of consciousness will be dispelled.

(ii)  Intentionality--We can master the mystery of intentionality through scientific observation and explanation, by distinguishing features of the system from individual components (neurons, etc.).

“The way to master the mystery of intentionality is to describe in as much detail as we can how the phenomena are caused by biological processes while at the same time being realized in biological systems...Visual and auditory experiences, tactile sensations, hunger, thirst, and sexual desire, are all caused by brain processes and they are all realized in the structure of the brain, and they are all intentional phenomena.”

(iii)  Subjectivity--Searle believes that mental states are real, and that subjectivity should be included as part of objective (scientific) facts.

(iv)  Mental causation--Mental states are not immaterial, they are the result of brain processes.  The brain has two levels of description: a higher level as mental states, a lower level, as physiological terms.

My conscious attempt to perform an action such as raising my arm causes the movement of the arm.  At the higher level of description, the intention to raise my arm causes the movement of the arm.  But at the lower level of description, a series of neuron firings starts a chain of events that results in the contraction of the muscles.”


Searle concludes by affirming that both naive physicalism, defined as the view that all that exists in the world are physical particles with their properties and relations, and naive mentalism, defined as the view that mental states exist, are consistent and true.

Commentary:


Has the mystery of life really been dispelled by the knowledge that it has a biological cause?  Will the mystery of consciousness be dispelled by knowing that it has biological causes?  We still know little about either--there seems to be plenty of mystery still.


I’m not satisfied that Searle’s two-level description explains the volitional element in the sequence: “I will raise my arm” and my arm raising up.

3.2 
Can Computers Think?


Searle claims that his commonsense answer explaining that mental processes are caused by the brain is a minority view.  The prevailing view emphasizes the analogy between the functioning of the brain and the functioning of digital computers.  In its extreme form--what Searle calls ‘strong AI’:

“...the brain is just a digital computer...the mind is to the brain as the program is to the computer hardware”
 


According to this view, Searle continues, there is nothing essentially biological about the human mind--it could be realized with chips and electronic circuits; moreover, with the right program , a computer must  have mental states.


Searle thinks there have been a lot of exaggerated claims by researchers in AI.  For example, Newell claims that he and his colleagues discovered  (not hypothesized or considered the possibility) that intelligence is just a matter of physical symbol manipulation.

Commentary:


Of course, philosophers,  psychologists and AI researchers also believe the commonsense view that brains cause mental states--so that it is a little bit unfair for Searle to put his view as a minority view.  But, as Searle elaborates, proponents of strong AI argue that biological materials and processes are not the only  way to realize mental states.


There were some exaggerated claims made in the enthusiasm of early AI research.  I think some of these exaggerated claims are understandable as the product of the excitement of programming computers to simulate human problem-solving for the first time in a number of domains.  However, it is true that researchers underestimated the difficulty and complexity of the problems they were working on.


Newell and Simon discovered that they could produce a program that solves problems and models children solving problems by manipulating symbolic processes in a computer.  I think that ranks as a discovery--it had never been done before.  In fact,  they expressed their results formally and elegantly as a hypothesis, the Physical Symbol System Hypothesis
.

***********************************


Searle thinks this view is ‘crazy’ and susceptible to a simple and decisive refutation that is not dependent on any present or future computer technology.  Digital computers are formal systems, e.g., syntactical.  The symbols have no meaning, semantics.  Searle then switches from computers to programs:  Programs too are defined purely formally or syntactically.

“And this feature of programs is fatal to the view that mental processes and program processes are identical.  And the reason can be stated quite simply.  There is more to having a mind than having formal or syntactical processes...In a word, the mind has more than a syntax, it has a semantics.  The reason that no computer program can ever be a mind is simply that a computer program is only syntactical, and minds are more than syntactical.”


Searle then illustrates his point by the following thought-experiment.


Suppose we have written a program to simulate the understanding of Chinese.  The computer, given a question in Chinese, responds in Chinese with answers as good as a native Chinese speaker.  Does the computer understand Chinese?  Suppose instead of the computer, you are locked in a room with a rule-book of Chinese and several baskets full of symbols to which the rules apply in a purely syntactic manner.  Someone passes into the room some symbols for you to process and you are given further rules for passing back Chinese symbols out of the room.  Unknown to you the symbols passed into the room are called ‘questions’ and the symbols passed back out of the room are called ‘answers’.  Suppose the rule-book is wonderful and so are you at manipulating the symbols and that the answers are indistinguishable from the answers that would have been given by a native Chinese speaker.  Simply manipulating the symbols according to the rules, you could not learn Chinese.  And if you could not be said to understand Chinese, neither could any digital computer, because you are playing the role of the computer.  And the reason is clear.  You have no semantics, only syntax.

“Understanding a language or indeed, having mental states at all, involves more than just having a bunch of formal symbols.  It involves having an interpretation, or a meaning attached to those symbols...And a digital computer...and these programs are purely formally specifiable--that is, they have no semantic content.”

If you were given questions in English (and you understood English), then you could give answers to questions because you understood the questions in English because they were expressed in symbols whose meanings were known to you.  And when you answer, you are producing symbols whose meaning are known to you.  But in the case of Chinese, you have no meanings, only rules for manipulating the symbols.


Searle then lists various inadequate answers that have been given by workers in AI and psychology:

(i)
“The whole system understands Chinese.”


The argument is that I am acting as the CPU, but the baskets of symbols and the rule book and I--together, as a totality--we understand Chinese.  But Searle argues that the system as a whole has no way to go from the syntax to the semantics, just as the CPU didn’t.

(ii)
“If the Chinese understanding program were inside a robot, and the robot interacted causally with the world, that would show that the robot understood Chinese.”


Searle’s reply is to put the Chinese room into the skull of the Robot and imagine that ‘I’ am the computer’s CPU:

“Inside a room in the robot’s skull, I shuffle symbols without knowing that some of them come in to me from television cameras attached to the robot’s head and others go out to move the robot’s arms and legs.  As long as all I have is a formal computer program, I have no way of attaching any meaning to any of the symbols.  The causal interactions between the robot and the rest of the world are irrelevant unless those causal interactions are represented in some mind or other.  But there is no way they can be if all that the so-called mind consists of is a set of purely formal, syntactical operations.”


Again, it might behave exactly as if it understood Chinese, but it still would have no way to go from syntax to semantics of Chinese.


Searle then clarifies what is being claimed and not claimed by this argument.  In one sense we are all machines, a physical system that is capable of performing certain operations--so, trivially, there are machines that think.  But could an artifact think?  A man-made machine?  Suppose it was molecule-for-molecule identical to a human, then, yes, we would suppose such an artifact could think.  The question isn’t “Can a machine think?’ or ‘Can an artifact think?’ but ‘Can a digital computer think?’

“Is instantiating or implementing the right program with the right inputs and outputs, sufficient for, or constitutive of, thinking?’ And to this question, the answer is clearly ‘no’.  And it is ‘no’ for the reason that we have spelled out, namely that the computer program is defined purely syntactically.  But thinking is more than just a matter of manipulating meaningless symbols, it involves meaningful semantic contents.  These semantic contents are what we mean by ‘meaning’.”


Searle then makes a distinction between simulation and duplication:


“If it really is a computer, its operations have to be defined syntactically, whereas consciousness, thoughts, feelings, emotions, and all the rest of it involve more than syntax.  Those features, by definition, the computer is unable to duplicate, however powerful may be its ability to simulate.  The key distinction here is between duplication and simulation.  And no simulation by itself ever constitutes duplication....We can do computer simulation of rain storms...nobody supposes that the computer simulation is actually the real thing...that a computer simulation of a storm will leave us all wet...Why on earth would anyone in his right mind suppose a computer simulation of mental processes actually had mental processes?  the idea seems to me, to put it frankly, quite crazy from the start.”


Searle gives some possible answers to why: 

(i)
The behaviorist belief that if a system behaves as if it understood Chinese, then it must have really understood Chinese.

(ii)
The assumption that the mind is not part of the natural biological world.


“The whole thesis of strong AI rests on a kind of dualism.  It rests on the rejection of the idea that the mind is just a natural biological phenomenon in the world like any other.”


Searle concludes with a summary of the relation between minds, brains and computers.  He lists four premises and draws four conclusions:

Premises:

(i) Brains cause minds.

(ii) Syntax is not sufficient for semantics.

(iii) Computer programs are entirely defined by their formal, or syntactical, structure.

(iv) Minds have mental contents; specifically, they have semantic contents.

Conclusion 1 (from premises 2,3 and 4):


No computer program by itself is sufficient to give a system a mind.

Conclusion 2 (from 1st premise and 1st conclusion):  


The way that brain functions cause minds cannot solely be by virtue of running a computer program.

Conclusion 3 (from 1st premise):  


Anything else that caused minds would have to have causal powers at least equivalent to those of brains.

Conclusion 4  (from 1st conclusion and 3rd conclusion):


“For any artifact that we might build which had mental states equivalent to human mental states, the implementation of a computer program would not by itself be sufficient. Rather the artefact would have to have powers equivalent to the powers of the human brain.”

Commentary:

In the Chinese Room argument, Searle argues that running the right program does not necessarily generate understanding of Chinese, even though, from outside the room, it looks like the system passes the Turing test.


Searle’s argument is that machines and programs have no semantics, only syntax; and that therefore they cannot understand Chinese (or anything else).


First, machines and programs do have semantics:  The syntax of each machine instruction has semantics that specifies how the syntax is interpreted into specific machine behavior.  Similarly, the syntax of each executable statement or construct in a programming language has associated semantics with it--a behavioral specification.  In fact, computer science is full of programming language semantics (declarative semantics, axiomatic semantics, denotational semantics).


Does Searle mean that machines and programs don’t have the semantics that links their representations with objects in the real world, what are referred to as causal semantics?  The Robot Reply argument which Searle presented as an argument against his position, (presented by Fodor, among others) is equipped with causal semantics.  Searle’s reply, as we have seen, is to put the Chinese room into the skull of the Robot and imagine that ‘I’ am the computer’s CPU:


Searle identifies the mind with “I”, the person manipulating the symbolic representations of causal interactions with the real world, in other words, the CPU.  Clearly, the CPU doesn’t have any causal semantics.  The causal semantics are represented, however, in a set of representations that associate a word, say, with an image.  Searle argues that these representations themselves--together with rules of Chinese--don’t understand.  Since neither the CPU nor the representations nor the rule book are objects that can understand Chinese, neither can a system constructed of these objects.


The conclusion of this last statement is not supported by any argument.
 Searle says, in effect:  If neither the person (CPU) nor the representations of the baskets full of symbols nor the rule book understand Chinese, then there is no understanding of Chinese.  But, the entire system consisting of CPU plus program seems to understand Chinese.  This is the argument of the Systems Reply, which John McCarthy and Robert Wilensky, among others, support.  Searle responds with the assertion that:

“There is no way that the system can get from the syntax to the semantics.  I, as the central processing unit, have no way of figuring out what any of these symbols means; but then, neither does the whole system.”


Again, Searle argues that you can’t construct a system that understands from objects that don’t understand.  But then, how do we understand English?   According to Searle, it is a feature of the mind, although at the micro-level, the individual molecules don’t have understanding (or any other mental state).  It seems that some principle of organization--related to the distributed network structure of the neural system--comes into play.  Why couldn’t the same be true of the arrangement of CPU and language-understanding program?


In The Rediscovery of Mind (1992), Searle says that consciousness is an emergent property of a structured system of neurons in the same way that solidity is an emergent property of a structured system of molecules.  He has not demonstrated that a system cannot possess features that are not present in system’s components--indeed, he argues in the case of mind that it does.


Searle says that mind is biological, that it cannot be duplicated by silicon.  It is the biological nature of our nervous system that is essential to consciousness (and mental states).  However, Searle admits

“that it is possible that other media, including silicon, might support consciousness, but he would claim that in such cases, the system would be conscious by virtue of the physical properties of the medium  and not by virtue of the properties of the program that it was running.”


Searle describes his position as ‘biological naturalism’.  It is the physical nature of the system, not its computational description that is important. He admits that the mind might be running an AI program of some sort, but argues that if you moved the program to another medium, consciousness would be lost.  Thus, the distinction between intrinsic physical properties of the medium and functional properties (input/output specification) becomes crucial.


Searle argues that intrinsic properties are not duplicated  in simulations.  He uses the example that simulating a storm doesn’t leave us all wet.

So, why should anyone in his right mind think that simulating mental processes actually be mental processes.

Here, it can be argued that some simulations might leave us all wet--in a Hollywood movie, the actors do get wet in simulated storms.  Is a computer simulation of a video game a game?  Thus, it is not so unreasonable to think that the computer simulation of mental processes might duplicate mental processes.


How can we decide whether consciousness is an intrinsic property of the biological medium or a functional property?  One way is through the ‘brain prosthesis experiment’.  In it, we imagine that we fully understand the brain, and that we can build electronic devices to mimic its behavior.  Suppose, also, that we have developed a surgical technique that allows us to replace individual neurons with electronic devices without interrupting the operation of the brain as a whole.  The experiment

“consists of gradually replacing all the neurons with electronic devices, and then reversing the process to return the subject to his or her normal biological state.”


Russell and Norvig make the point that there are apparently differing intuitions about consciousness.  When asked, ‘What would happen if the subject recorded his or her own conscious experience?’ during the brain prosthesis experiment, Moravec, a robotics researcher, is convinced that consciousness would remain unaffected, whereas Searle believes that one’s conscious experience slowly shrinks to nothing, while your external behavior remains the same.


To conclude, Searle’s argument that a non-biological system can not have consciousness because none of its components do is not convincing because it contradicts the notion, which he supports, that biological systems do have consciousness even though their individual components do not.  On the other hand, we don’t have any explanation from functionalists yet how consciousness emerges as a necessary feature of systems whose behavior requires a degree of functional complexity.


Finally, we have not discussed what is problematic about consciousness and mental states:  their private nature seems to defeat the objective nature of scientific experimentation.  The private nature of experience appears to be an irreducible fact.

4.
Hilary Putnam: “Minds and Machines”

In “Minds and Machines”, Putnam advances and explores the thesis that the mind-body problem is linguistic and logical; that all of the issues that arise in the mind-body problem arise in a computing system able to answer problems about its own structure; and that the mind-body debate is therefore not unique to the nature of human subjective experience.  Putnam contends that mental states/brain states in humans and logical states/internal structural states in a computing system are strictly analogous.

He poses a number of questions in the mind/body domain and shows that analogous questions apply to a Turing machine:

(i)
The puzzle of privacy


The question, ‘How do I know I have pain?’ is deviant  (logically odd).  Similarly, it is odd to ask a Turing machine ‘How do you know you are in state A?’  It is not deviant to ask, ‘How do I know that person B is in pain?’ and it is not deviant to ask Turing machine T1 ‘How do you know that Turing machine T2 is in state s1?’

(ii)
The puzzle of mind-body identity


Can we  identify mental states of mind with physical states of brain?  Putnam asks us to assume a Turing Machine that has been implemented and has ‘sense organs’ with which it can scan its own internal structure.  We can compare the following two statements:


(a)
“I am in pain if and only if my C-fibres are stimulated”


(b)
“I am in state A when, and only when, flip-flop 36 is on.”

Occamist arguments for identity or for dualism are paralleled in both.  For example, both statements are synthetic, so one can argue that pain and C-fibres being stimulated cannot be the same, just as state A and flip-flop 36 being on cannot be the same.


Putnam begins with a brief introduction to Turing machines, and then gives a terse refutation of the argument that Gödel’s incompleteness theorem indicates that the structure of the human mind is more complex than any non-living machine yet envisaged, and therefore a Turing machine cannot serve as a model for the human mind.  Putnam assumes the argument is the following:  


(i)  Suppose T is a Turing machine that represents my mind, that is, it can prove just the mathematical theorems that I can.  


(ii)  By using Gödel’s result, I can construct a formula that is unprovable in T that I can prove to be true.


(iii)  This refutes the proposition that T represents me.

Putnam claims this is a misapplication of Gödel’s theorem:

“Given an arbitrary machine T, all I can do is find a proposition U such that I can prove:


(3)  If T is consistent, U is true

where U is undecidable by T if T is in fact consistent.  However, T can perfectly well prove (3) too!   And the statement U, which T cannot  prove (assuming consistency), I  cannot prove either (unless I can prove that T is consistent, which is unlikely if T is very complicated)!”

Commentary:


Putnam’s critique is, I believe, correct and it can be directed against Lucas’ argument that Gödel’s theorem disproves Mechanism.  We noted that Lucas himself realized that Gödel’s theorem only applied if we know that a formal system, F, is consistent, and that we had no certain way of proving its consistency.

2.
Privacy


Putnam argues that it is deviant to say that “I know that I am in pain” or, analogously, “T (a Turing machine) knows it is in state A”.


His argument is that, as Wittgenstein put it, we evince our pain by saying “I am in pain.”  No mental act or judgment is required, something that Putnam notes was  overlooked from Hume to Russell.  When we consider the meaning of ‘to know’, three elements have been distinguished:


(i) ‘X knows that p’ => p is true, the truth element; 


(ii) ‘X knows that p’ => ‘X believes p’, confidence element;


(iii) ‘X knows that p’ => ‘X has evidence of p’, evidential element.

Part of the meaning of evidence is that “nothing can literally be evidence for itself:  if X is evidence for Y, then X and Y must be different.”


Putnam holds that ‘I know I am in pain’ is deviant because there is no evidence other than being in pain; the verbal report issues directly from what it reports--no introspective act--a mental event--is present.


Analogously, it is deviant to say that a Turing machine knows it is in state A, since it can ascertain this only directly, if, for example, we program it to print out “I am in state A” when it is in state A.  The Turing machine’s printing of “I am in state A” is analogous to a person evincing pain by saying “I am in pain”.


On the other hand, it is not deviant to say, “I know that John is in pain” if you observe him hurt and crying out in distress.  Similarly, a Turing machine, T, can have a description of another Turing machine, T1, and can know when T1 is in state A, since T has access to T1’s program state table.

3.
“Mental States” and “Logical States”


Putnam next shows that there is an analogy between mental/brain states of a human and logical/physical states of a machine.


Suppose a machine is equipped with a program to scan its own internal structure so that it can report, “Vacuum tube 312 failed”.  Then the question, “How does the machine know that the vacuum tube failed” is perfectly sensible, just as it is sensible to ask “How do we know that something in our body is malfunctioning?”.


Putnam suggests three features that distinguish logical (mental) from structural (physical) states:


(i)  We can talk of logical states without reference to how they are realized; 


(ii) Logical states are intimately connected with verbalization ;


(iii) In the case of rational thought (or computing), the “program” which determines which states follow, etc. is open to rational criticism.

4.
Mind-Body Identity


Putnam analyzes the question ‘Can we identify   mental states with corresponding physical states?  He notes that Wittgenstein argued that if seeing an afterimage I could observe my brain state at the same time, I would be observing two things, not one.


Consider the sentence “I am in pain if, and only if, my C-fibers are stimulated.”  Since the sentence is synthetic, the properties “having C-fibers stimulated” and “being in pain” must be different.  Putnam has two criticisms of this argument:


(i) The analytic-synthetic distinction is not sharp where scientific laws are concerned


Scientific laws, like mathematical principles (as W. Quine has noted), cannot be classified ‘happily’ as either analytic or synthetic:  One experiment will not overthrow a fundamental law.  Until a better alternative is postulated, we’ll revise a theory ad hoc, as is rational to do.  Putnam considers the overthrow of Euclidean geometry in Einstein’s General Relativity theory:  It took a century of conceptualizing before Euclidean geometry was overthrown.  In contrast, if we have the generalization, “All swans are white.”, and then see a black swan, we have no reason not to change our generalization because there is no ‘web of belief’ involved.


Now, consider  “One is in mental state p if, and only if, one is in brain state f.”  Today this is a matter of mere correlation.  But if it becomes well established as a web of scientific belief, then we might identify  p with f.  In this case, Putnam asks, ‘Would it be correct to claim that f and p are the same state?  If so, does the statement lose its synthetic character?’

Commentary:


Searle would answer Putnam’s questions affirmatively.  He would agree that p and f are the same state, and are just two descriptions with a different perspective.

************************************

(ii) The criterion for identifying properties or events not clear.


Putnam asks, ‘Is light passing through the window the same as electromagnetic radiation passing through the window?  Are these two descriptions of the same event?’  Frege, Lewis, and Carnap all identify properties (as opposed to events) and meanings:  By definition, if two expressions have different meanings they signify different properties.  If this were correct (Putnam is dubious), then ‘being in pain’ and ‘having C-fibres stimulated’ would be different properties.  Analogously, ‘being in state A’ and ‘having flip-flop 36 on’ would refer to different properties.  


Putnam next considers a “linguistic” argument regarding the identity of mind and body.  Consider the sentence, “Pain is identical with stimulation of C-fibers”.  The argument is that this is unintelligible if we assume current meanings of terms.  Putnam agrees, but thinks that it could be intelligible without changing word meanings if the scientific context were different.  The old meanings determine a new use given a new context.  Putnam gives the following example:  “I am a thousand miles away from you” was a deviant sentence until the invention of writing, yet the meanings of words don’t change.  So a sentence that was inconceivable can become conceivable and this doesn’t necessarily depend on the meaning of words changing.  This is an example of new technology producing a new context, but  a new theory can do the same.  Again, Putnam provides an example:  “He went around the world” was deviant in the time when people believed you would fall off the other side.  


Putnam believes that “mental state p is identical with brain state f” could become non-deviant.  To justify his belief, he introduces the “is” of theoretical identification .  An example of it is:


(i)
“Light is electromagnetic radiation (of such-and-such wave-lengths)” 


The identification of light with electromagnetic radiation was scientifically justified by the derivation of laws of optics from more basic physical laws of radiation; and by the derivation of new predictions in optics.  


Can we imagine a scientific justification for identifying mental with brain states?  It is not enough that there simply be more correlates between the two.  Something more basic is required that would enable us to explain or predict human behavior better.  Putnam can imagine that a scientific identification could be justified by 


(i) enabling us to derive from physical theory low-level generalizations of common-sense ‘mentalistic’ psychology, such as: “People tend to avoid things with which they have had painful experiences.”


(ii) predicting cases where ‘mentalistic’ psychology fails.  

Commentary:


Turing believed that within 50 years, people would be comfortable with talking about machines’ “thinking”.  Thus, like Putnam, he sees that usage depends on the scientific context: what today sounds like an abuse of language may tomorrow be natural.

************************************


Putnam now equips a Turing machine with ‘sense organs’ to observe its own structure and with language to talk about its internal structure, for example, “Flip-flop 36” and “Flip-flop 36 is off” together with their meanings.  Any argument about whether “Pain” is identical with “C-fibres being stimulated” will apply to the Turing machine case of “State A” being identical with “Flip-flop 36 is on”.

5.
Conclusion


To conclude, Putnam repeats that the mind-body not a genuine theoretical problem whose solution will shed light on the world.  In his view it doesn’t really matter whether we consider the logical and physical states of a machine (Turing or human) to be identical or different--it is a verbal argument.  In fact, since the logical and structural states of a Turing machine are quite evidently different, so too, must the mental and brain states in humans be different.  And Putnam feels he can safely reach this conclusion because he believes that the analogy between mind/body is strictly analogous to the logical/structural states of a Turing machine.


Putnam thinks that the main contribution of his paper is the insight that we can talk about and argue about mental/brain states in strictly the same way that we can talk about logical/physical states of a machine.

Commentary:


Putnam presents a thesis that the mind/body problems are strictly analogous  to the logical/internal structural states of a Turing machine realized in electronics.  He doesn’t ever explicitly define what he means by strictly  , but, I take it that he means that the analogy holds in every case.  He then uses  the thesis (without proof), at the end, to argue that mental and brain states are not identical.  This is an example of an informal argument.


Here’s an argument that Putnam’s strict  analogy breaks down.  It is not always the case that it is deviant  to say that a Turing machine, T,  knows its own logical states.  T can be given a description of its own state table as input, just as it can be given the state table of a second machine, T’.  It can read its own description and know that it is in logical state, p, just as it can read the description of T’ and know that T’ is in state p’.


“Minds and Machines” is an example of a creative philosophical essay, a philosophical exploration of a rather simple analogy.  Since his exploration is very much a part of contemporary thinking in artificial intelligence and cognitive psychology, we can say that the essay has been of considerable value, despite the informality of the argument.

APPENDIX A:
Algorithms and Turing Machines


Alan Turing was a 20th century British mathematician who explored the question "What can we compute?" before the invention of the digital computer.   His explorations earned him the title "father of computer science".  The leading American journal of computer science, Communications of the Association of  Computing Machinery,  has honored Turing's contributions with a prestigious award, The Turing Award,  given each year to an outstanding computer scientist:  it is equivalent to the Nobel prize for computer science.


Before answering the question, "What is computable?"  we need a method that exactly describes a computation.  To compute, we need a machine.  And we need a language that instructs the machine what to compute.  The sequence of instructions that tell the machine exactly what to do is called an algorithm.  A language for expressing an algorithm is an  algorithmic language.


Turing invented a machine in order to explore the nature of computation.  His machine was not built;  it is an "abstract" machine that performs computations by printing and erasing checks on a tape.  


 The machine consists of (1) a storage element, in the form of a tape that is infinitely long and divided into cells;  and (2) a processor that can execute instructions.  Each instruction actually consists of four operations executed in sequence:

        (i) read what's on a square of the tape; 

 
Depending on what was read 

       (ii) either erase what's on the square or write a checkmark;

      (iii) move right or move left one square;

       (iv) go to the next instruction.


 To each machine there corresponds a table that describes the machine's operations completely by specifying how the machine changes any given tape position to the succeeding tape position.  As an example, consider the following table: 

                     


and the tape position:





The marker underneath a checked cell tells us to go to the entry in row 1 of the table under the check (√) column of the table.  This entry, √R1, dictates the following operations:


(i)  Write a check in the cell above the marker 1. (The check already there is simply overwritten with a new check.)


(ii)  Move right to the next cell.  (This is indicated by the R in √R1.)

      (iii)  Write a 1 underneath the cell and erase the previous marker.  
      (This is indicated by the 1 in  √R1.)

    We now have the following tape position:
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     The marker 1 underneath a blank cell tells us to go to the entry in row 1 under the ˚-column of the table.  This entry, √L2, dictates the following operations:


(i)  Write a check in the cell above the marker 1.  (This is indicated by the √ in √L2.)


(ii)  Move left to the next cell.  (This is indicated by the L in √L2.)


(iii)  Write a 2 underneath and erase the previous marker.  (This is indicated by the 2 in √L2.) 
 


We now have the following tape position:






The marker 2 underneath a check cell tells us to go to the entry in row 2 under the √-column of the table.  This entry, √L2,  is identical to the operation above, and when executed, we obtain the following tape position:  





The marker 2 underneath a blank cell tells us to go to the entry in row 2 under the ˙-column of the table.  This entry, ˙R#,  dictates the following operation:


(i) Erase the cell above the marker 2.  (indicated by the ˙ in ˙R#.)


(ii)  Move right to the next cell.  (indicated by the R in ˙R#.)


(iii)  Write the symbol # underneath the cell and erase the previous marker.  (indicated by the R# in ˙R#. 


This gives the following tape position:





The marker # means STOP and indicates the completion of the computation.


If we begin with the tape position:




the table dictates the following sequence of tape positions:




















Starting with the tape position:
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you should verify that we arrive at the tape position:





Indeed, if the only checks appearing on the tape are in consecutive cells with the marker 1 underneath the left-most checked cell, then the table will dictate a sequence of tape positions ending with one more check than was on the initial tape with the symbol #  underneath the leftmost check.


In other words, the machine computes the successor function:


        f(n) = n+1. 


A computation on a Turing machine is the complete sequence of tape positions beginning with an input and ending with an output.


Turing hypothesized that a Turing machine can compute any computable function.  In a more general form, the Turing hypothesis, which underlies computer science, states that any process that can naturally be called an effective procedure can be realized on a Turing machine.  By effective procedure, we mean a procedure that some processor - like a Turing machine - could execute.


It is possible to design a Turing machine that can read in the table description of a second Turing machine together with a description of its initial input tape, and simulate (imitate) its execution, much as you have just done.  Such a Turing machine is called a universal Turing machine.  When we read a Turing machine table together with an initial tape description and predict its behaviour, we are like a universal Turing machine.  An open question is whether the behaviour of the human mind can be realized as a Turing machine.  Turing thought so.  What do you think?


Exercises:

(i)  Write down the complete sequence of tape positions for the table given in the example for the input tape:




(ii)  Write down the sequence of tape positions for the computation 3 + 2 using the table below:

              



The initial tape position is:





(When the initial tape consists of two sequences of checks separated by a blank cell, the tape represents two inputs, and the function is called a binary function.)
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II.   Designing a Turing machine to Compute a Function


Now that we understand how a Turing machine functions, let us see if we can take a problem and derive a Turing machine to solve that problem.

Why don't we see if we can derive the Turing machine description discussed previously to compute the successor function?  We'll use a four step approach to problem-solving (based on George Polya's work in mathematical problem solving1):

(1)  Understanding the problem


First we make certain that we understand the problem, that is,

what the successor function computes.  Clearly, it computes one more than the input, so if we start with  √√ (with the marker 1 underneath the leftmost √) we want to end up with √√√ (with the # marker underneath the leftmost √).

(2)
Designing a Solution


To solve our problem, we must have a strategy.  Every algorithm expresses a strategy.  Our overall strategy may be expressed as:


1.  move right until we reach the blank that terminates the input


2.  write a √


3.  move left and write the stop marker under the leftmost √


Let us translate our overall strategy into a more detailed one.  The Turing machine can only move one cell at a time, so in order to reach the blank that terminates the input, it must move right repetitively, one cell at a time, until it reaches a blank cell.  In other words, repetition is involved.  If we knew the input was √√√, which could represent the natural number 3, then we would move right exactly three times.  But if we want to compute the successor of any number, not just 3, we wouldn't know how many times to repeat our move right instruction.  The repetition is indefinite.  We keep moving right, one step at a time, as long as the machine reads a √ on the tape, eg. until we encounter a blank input cell.  We can express this in an English-like algorithmic language called pseudocode as follows:


while input = '√'



move right


endwhile



We can put the three fragments of the algorithm together, and place some remarks (enclosed by curly brackets) to explain what the algorithm is doing:


begin  {compute succ(n) = n+1}


{move right to blank after input}



while input = '√'




move right



endwhile


{write one more √}



write √;



{move left to blank before input}



while input = '√'




move left



endwhile



{move right and stop}



move right;



stop


end.



Pseudocode is an informal way to express algorithms.  Its rules, as far as we have developped them, are quite simple:


1.  If a component of the algorithm consists of a sequence of two or more components, use begin ....... end to bracket the sequence.  In our example, the algorithm itself is a sequence, and so is bracketed by begin ....... end.


2.  If a component of an algorithm consists of a repetition, use while .... endwhile to bracket the instructions that are repeated, and include a condition that determines whether the repetition should continue.  In our algorithm, the condition that tells us to repeat is 


input = '√'

If this condition is true, that is, if the input cell contains a  √, then the statement following the while is executed;  the endwhile means go back and evaluate the condition again.  On the other hand, if the condition is false, the instructions bracketed by while .... endwhile are skipped, and the next instruction is the one following the endwhile.

(3)  Implementing the plan


We can translate our algorithm into a table description of a Turing machine:  We are in state 1 initially and the input is a √:




so the first instruction goes into row 1 under the √ column.   The instructions to move right to the blank after the input are:  write √ and move right.  (We have to either erase a cell or write a √ in a cell before we move.) What should be our new state?  Since we repeat these two instructions as long as the input is a √, we should return to the same state, state 1.  So, our table looks like:

              



After executing √R1 twice, the Turing machine is at the ˚ past the input in state 1:





The next instruction, which we will put into row 1 under the ˚ of the table description, is write √.  The Turing machine table description requires us to move either right or left after erasing or writing a cell.  Since we will be moving left to get to the leftmost √ of our tape, we should follow the write √ with a move left.  What state should we then go to?  We have already filled the instructions for state 1 when the input cell contains a √ and our present instructions will fill up state 1 when the input is a ˚,  so we need a new state since we must do something different, namely move left until we reach the ˚ before the first √ of our input.  So, let's use the next available state, state 2.  Thus, the table description is now:
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and the tape looks like:





Now, the input is a √ and  the state is 2, so our next instruction, move left, which we repeat until the machine is at the ˚ before the first √, is written in row 2 under the ˙.  The Turing machine description forces us to either write a √ or erase before we move left, and since we don't want to erase any checks, we write a √ (simple overwriting the √ already there).

 So, our table entry is:  √L2 

 
Since we repeat this as long as the input contains a √, we return to the same state.  That is why the 2 is written after √L. 


 The Turing machine table description is now:
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and after executing  √L2 repetitively the tape looks like:




To stop under the first √, the instructions are √R#, and since the machine is in state 2 and the input is a ˚, the instructions go into row 2 under the ˚ column, giving as our final table:

              


and the final tape position:




(4) Evaluating our solution


The strategy and implementation above seem to have worked well, but we may wonder whether there is a more efficient strategy.  Since we just need to add one √, wouldn't  it be simpler to add it before the beginning instead of after the end of the initial √√√"?    What do you think?  Is this strategy and solution better?

Footnotes:

1  George Polya.  How to Solve It; A New method of Mathematical Method .  1971 (2nd edition).  Princeton University Press, Princeton, N.J.

APPENDIX B:

An Introduction to the Halting Problem

by

Nicholas Ourusoff (modified by Hing Leung)

1.
Halting problem 


The halting problem is to decide in general whether a program, P, that takes an input, X, will halt or not.  The halting problem is undecidable, that is, there is no decision procedure that will tell us whether an arbitrary program, P, will halt or not, when run with its input, X.

Comments:

(i)   For specific program and inputs, we may be able to decide whether a program will halt or not.  But there is no general decision procedure that will tell for any program P given some input X whether it will halt or not.  We say that the halting problem is undecidable.

(ii)  At the heart of the halting problem is self-reference, similar to the problem that

is present in a paradoxical statement like:  "This statement is false."  If we assume that the statement is true, then by its own logical assertion , it is false; on the other hand, if we assume that it is false, then the statement asserts that it is true.  The statement itself is contradictory.  So, too, the notion that the halting problem is decidable is contradictory.

2. 
Arguments that the halting problem is undecidable.

2.0
Preliminaries


We wish to combine a program, P, and its data, X, unambiguously.  How can we encode P and X so that a single sequence of bits is decodable into P and X?  There are many ways to do this, two of which are shown below:

(i)
Pad each bit of P and each bit of X with a leading zero, and insert the 2-bit delimiter ‘10’ between the two bit streams representing P and X.  Then, when we encounter a ‘10’ token in the input stream, we have reached the end of P.

(ii)
Pad each bit of P with a leading 0; pad each bit of X with a leading 1.  Then, the occurrence of the first 1 in the left position of a 2-bit token is the start of X.


In both cases,  we can decode P and X mechanically.  We will use angled brackets to indicate that P and X are encoded as a bit string, as shown here:  <P,X>

2.1  


Imagine that Rob tells his teacher, Hing, that he believes he can build a machine to solve the halting problem.  Hing is skeptical, but to his surprise, Rob says he has a program, HR , that  will input an arbitrary program, P, and its input, X, and return "Yes" if P halts and "No" otherwise.  Hing asks Rob for the program, and modifies it as follows:  Hing's program, HR', reads the program, P, encodes P into the pair <P, P> (using an encoding scheme such as was presented above), and calls HR as a subroutine with arguments <P, P>.  If HR returns “yes”, then HR’ goes into an infinite loop; if HR returns “No”, then HR’ halts.  That is HR’ on an input P behaves as follows:


HR’(P ) =  if HR(<P,P>) then loop

Clearly, HR' can be implemented.  The programs HR and HR' are shown below:
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(a) Rob's Pascal program

(b) Hing's Pascal program


Now, Rob and Hing perform an experiment together.  They run HR'(HR'), that is, they run Hing's program with his program as input.  Two scenarios may occur:

(i)  HR'(HR') halts.  This implies that HR(<HR',HR'> ) returned "No", that is, the program HR' loops forever.  But this contradicts the observable behavior of HR'.

(ii) HR'(HR') loops.  This implies that HR(<HR',HR'> ) returned "Yes", that is, the program HR' halts.  But again this contradicts the observable behavior of HR'.


In summary, no matter whether HR’ on HR’ halts or loops, HR errs in its prediction.  Next in 2.2, we give another argument (proving the same result) that avoids the problem of whether one has the ability to observe if a program is looping on its input.

2.2


In this version, Hing asks Rob, "What do you think will happen if I run HR' on HR'?  Will HR' halt?  Rob takes his program HR and runs it on <HR', HR'>.  HR returns "No" after 5 minutes.  So Rob replies that HR' loops when run on itself as data.  Hing then proceeds to take HR' and run it with HR' as input.  Since  HR(<HR', HR'>) is false, Hing's program halts in just over 5 minutes in contradiction to Rob's prediction .  


Let's suppose instead that HR returns "Yes" after 5 minutes when run on 

<HR’, HR>.  So, Rob replies that HR' halts  after 5 minutes when run with HR' as its input.  Hing again takes HR' and runs it with HR' as input.  Since HR(<HR', HR'>) is true, the statement in Hing's program


HR'(HR') = if HR(<HR', HR'>) then loop

takes the then branch and loops.  HR' is observed to loop well after the 5 minutes that Rob's program ran before halting.  Again, this contradicts the behavior predicted by Rob.

Logical Formulation:  We can state the halting problem by asking whether the following proposition is true or not:


HH’xH(<H',x>) =
true if H’ on x halts





=
false if H’ on x loops

The negation of this is the statement

(1)
~HH’xH(<H',x>) =
true if H’ on x halts





=
false if H’ on x loops

Translated literally, the logic states the following:  "It is not the case that there exists a program H such that for all programs, H’, and inputs, x, H returns TRUE if H’ halts and FALSE if H’ loops indefinitely, when run with the input x."

We can transform this logical statement as follows:

(2)
H~H’xH(<H',x>) =
true if H’ on x halts





=
false if H’ on x loops

Translated literally, the logic states the following:  "For any program H it is not the case that for all programs, H’ and inputs, x, H returns TRUE if H’ halts and FALSE if H’ loops indefinitely, when run with the input x."  This is equivalent to (1) above.

(3)
HH’x~H(<H',x>) =
true if H’ on x halts





=
false if H’ on x loops
Translated literally, the logic states the following:  "For any program H, there exists some program, H', and input, x, such that H does not return TRUE if H' halts and FALSE if H' loops indefinitely, when run with the input x."  Again, this statement is equivalent to the previous two.  Notice, that now we simply need to find a program, H', and an input, x, that makes H undecidable (unable to answer TRUE or FALSE).  In the two-player game, first we picked an arbitrary program, HR for H.  Next, we substituted the actual program, HR' for H' and HR' again for x.


Is it necessary to choose some argument HR' for both H’ and x?  In general, why do we design HR' as given above?


According to the previous discussion, in order to show that H cannot solve the halting problem, we need to show that there exists a program H’ and an input x that makes H undecidable.  How shall we design it?  We wish H to have a hard time predicting the behavior of H’ on an input x.  So in our design for H’, we want H’ to behave differently from the prediction of H.  Thus we include a copy of H’ in the program code for H’ such that if H’ answers “halt”, then H’ loops and if H’ answers “loop” then H’ halts.  However, while we are still in the process of designing H’--and before we finish its design--how is it possible to incorporate in its design a copy of itself for H such that it (e.g., H’) would act differently than what is claimed in the message returned by H?  We do this by making the description of H’ for H an input of H’.


Let us denote the input to H’ by P.  Therefore, the H in H’ must be working on the parameter <P,x>.  It is understood that later we will be running H’ by giving H’ as its input so that the parameter for H is in fact <H’,x>.  Examining the logic further, we wish that H working on <H’,x> will return a message that contradicts the actual behavior of H’ running on H’.  Therefore, we should choose x to be H’, which again is the input P to H.  Hence, we end up with the design that H’(P) = if H(P,P) then loop.

3.
Halting problem with single-loop programs


Is the halting problem undecidable if the programs are restricted to those having only a single loop (no nested loops or recursion)?  The result is, Yes, it is still undecidable.


If the halting problem were decidable for this restricted type of program, we might argue as follows:


(i) we reduce the general halting problem to this restricted version


(ii) since it is decidable for this restricted version, it is therefore decidable for the general problem (since it can be reduced to the restricted form)


How might we reduce the general problem to the single loop problem?  We argue that the ordered pair <P, x>, where P is any Pascal program and x is its input, can be converted to <PC, y>, where PC is the fetch-execute single-loop cycle of the computer and y is whatever software is in memory: this software consists of our program, HR; our input, x; the PASCAL run-time system; and so on.  Clearly, anytime we run a program, we are observing a single-loop processor execute the bit stream in memory.  So, the transformation that reduces the general halting problem to this restricted form is mechanical enough that it can be implemented by program code.

4.
Space limited halting problem (fixed partition memory).


Suppose we must run our program in a fixed partition memory.  A program running on such a machine can behave in one of three ways:


(i) it halts normally


(ii) it loops indefinitely


(iii) it attempts to address memory outside of its partition, or some other exception condition is encountered (register overflow, etc.).


Hing argues that the halting problem with a fixed memory partition is solvable.  Here's his argument:  Our program, HL, will save its state vector (e.g., all of the memory in the fixed partition as well as all registers including the program instruction register). Let us, after each instruction of HL is executed, save the state vector as a vector, V.  If V is duplicated during execution, we have an infinite loop.  (Since nothing is different, the successor state must be the same as the successor state previously, and so on).  Suppose our state vector is N bits long; then,, there are just 2N possible configurations of V.  So, if the machine does not halt before 2N distinct states have been recorded, then we can conclude that it will loop indefinitely.  Note that we need to use a significantly larger partition (that can hold at least 2N configurations) in order to solve the halting problem for programs over a partition of size N.

5.
Discussions of Random Access Memory (RAM)


A machine with fixed partition memory restriction contrasts with the Random Access Machine (RAM) model in which we have as much memory as we need; and as big a register size as we need to represent our input and to address memory.  We may think of the RAM model, not as a machine with infinite memory, but as a machine with extensible memory and register size. If a problem requires more memory than we have or a larger register size, our RAM can create the needed resources on the fly.  It is conceivable that such a RAM machine is not that unrealistic.  On the other hand, in our daily programming practice, the programs are usually written in a way that is independent of the machine that the program is supposed to run on.  So in our study of the theory of computing, we do not want to be limited in the use of space and prefer to assume the RAM as our model.  According to the discussion in 2, the halting problem for RAM (with no limit on space) is undecidable.
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