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A conflict is pointed out in the definition of a universal quantum computer between the nee
for a halt qubit and the need for operating on superpositions of states of a computational ba
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Computation as defined by Turing has been discus
from the standpoint of quantum mechanics for som
years, and is under experimental as well as theoreti
investigation. Early on, Deutsch discussed two rath
different theoretical approaches: (1) a universal quant
computer [1] and (2) a quantum computational netwo
[2]. Both forms compute by transforming an inpu
state into an output state (in the Schrödinger pictur
and both are claimed to operate on superpositions
states of a computational basis, thus exhibiting quant
parallelism. The capacity to operate on an input sta
that is a superposition of computational basis states w
emphasized by Deutsch as necessary for a computer t
“fully quantum.”

Although the computational network connects more d
rectly to experiments and to such applications as fact
ing, the universal quantum computer mirrors more close
the Turing machine, sharing with it the theoretical capa
ity to compute any recursive function. For this reason a
perhaps others, it is an interesting theoretical object.

For either a computational network or a univers
quantum computer, reading the result of a computati
requires measuring the state of the computer when
state is the output state. Because measuring an unkn
state generally changes the state, this measurement m
be made after the computation has been completed,
not before; otherwise the computation is spoiled.

Because of the halting problem [3], the issue of when
computation of a recursive function is complete cann
be sidestepped. In discussing the universal quant
computer, Deutsch partitioned the computational ba
states, making each basis state a tensor product of
factors, the first an (unbounded) string of qubits, th
second a single halt qubitn0. Every input state is some
superposition of basis states havingn0 initialized to 0.
Starting from any basis state, any executing program s
n0 to 1 when the calculation is complete but does n
interact with n0 otherwise. Regardless of whether th
halt qubit is 0 or 1, a measurement to decide betwe
0 and 1 as possible states of the halt qubit finds t
halt qubit in an eigenstate. This leaves the state of
computer unaffected, so the halt qubit can be measu
repeatedly during a computation that starts from any ba
state without spoiling the computation; once a value of
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is obtained for the outcome, the state of the computer ca
be measured to register a result.

But what happens if the computation starts not from
a computational basis state but from a superposition o
basis states? In this case, a measurement of the h
qubit can spoil the computation, as follows. Suppose
calculation that starts from a basis statejAlj0l as input sets
the halt bit to 1 afterNA steps (where the second factor is
the halt qubit set to 0). Similarly, suppose a calculation
starting from basis statejBlj0l sets the halt bit to 1 after
NB steps. Cases exist for whichNB ¿ NA. Consider
starting from an input state which is the superposition
of basis statescAjAlj0l 1 cBjBlj0l. The halt qubit must
then be 0 for stepsN , NA, and 1 for stepsN . NB. For
NA , N , NB, the state is a superposition of two basis
states, one of which has the halt qubit set to 0, and th
other of which has a qubit set to 1. In other words, in this
range of steps the state entangles the non-halt qubits wi
the halt qubit. A measurement made of the halt qubi
when it is entangled with the other qubits changes th
state and spoils the computation.

Thus it follows: If paths of a quantum computation
starting from two different input basis states halt at
different counts, then a superposition of the two inpu
states entangles the halt qubit for the steps between t
one count and the other, so the measurement of the ha
qubit is incompatible with the unrestricted superposition
of input basis states.

For many special cases, including the factoring of large
numbers [4], this difficulty need not occur, because in thes
cases the computation involves a number of steps whic
(for any computational basis state as input) is independe
of the input. To be a universal quantum computer, how
ever, the computer must calculate arbitrary recursive func
tions, and for this class of function the number of steps
cannot always be held independent of the input. Hence
while some computational networks can be fully quantum
there is a conflict between being universal—capable o
computing arbitrary recursive functions—and being fully
quantum (capable of computing values from inputs which
are superpositions of computational basis states).

This limitation has been neither noticed nor circum-
vented in later work with which I am familiar. For ex-
ample, Bernstein and Vazirani focus on special cases
© 1997 The American Physical Society 1823
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which completion need not be interrogated [5]. A recen
review by Ekert and Jozsa mentions the need to dete
completion, but invokes Deutsch’s halting qubit, the limi
tation of which is the subject of this note [6]. Spiller’s
more recent review makes use of Deutsch’s definition
a universal quantum Turing machine, without discussin
completion [7].

The question can be raised whether the limitation ca
be circumvented; perhaps some clever scheme, analog
to schemes for quantum error correction, might help. B
while quantum error-correcting schemes involve measur
ments made in the course of a computation, they cann
and do not measure the state or the part of the state t
carries the outcome. They exhibit great care and cunni
in avoiding this, by measuring something much more re
stricted. Getting a result requires measuring the outp
part of the state. Thus, no direct carryover of techniqu
of error correction can circumvent the limitation: The de
sign for a quantum computer by Deutsch cannot be bo
universal and fully quantum. Whether some other mod
of quantum computation can be invented is open to th
future. Indeed a purpose of this note is to call attentio
to the present lack of such a model, partly in hopes
spurring its invention.

The conflict between universality and being fully quan
tum is a conflict internal to Deutsch’s model of “univer-
sal quantum computer.” Within the scope of that mode
there is no hope for relief, unlike some of the more pract
cal troubles that have been cited in the extensive literatu
on decoherence in quantum computers.

How much of a restriction is the limitation that has bee
pointed out? As noted, it is no threat to the factorin
of large numbers, because for this task the running tim
can be known prior to the computation. For many othe
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computations, one can make statistical predictions
their execution time. Then, if the prediction is borne ou
a correct answer can usually be produced without the
of a halt qubit. However, a universal computing machi
(quantum or not) is supposed to compute any function
the class of recursive functions, most of which do not ha
this property. So, whether the limitation is restrictive o
not depends on whether one wants to consider the clas
recursive functions or only some small subset. Sticking
a small subset is reasonable in many practical situatio
but destroys the possibility of discourse that carries
subject of computability into a quantum context.
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