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Can a Universal Quantum Computer Be Fully Quantum?
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A conflict is pointed out in the definition of a universal quantum computer between the need
for a halt qubit and the need for operating on superpositions of states of a computational basis.
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Computation as defined by Turing has been discussed obtained for the outcome, the state of the computer can
from the standpoint of quantum mechanics for someée measured to register a result.
years, and is under experimental as well as theoretical But what happens if the computation starts not from
investigation. Early on, Deutsch discussed two rathea computational basis state but from a superposition of
different theoretical approaches: (1) a universal quanturbasis states? In this case, a measurement of the halt
computer [1] and (2) a quantum computational networkqubit can spoil the computation, as follows. Suppose a
[2]. Both forms compute by transforming an input calculation that starts from a basis stet@0) as input sets
state into an output state (in the Schrodinger picture)the halt bit to 1 aftev, steps (where the second factor is
and both are claimed to operate on superpositions dhe halt qubit set to 0). Similarly, suppose a calculation
states of a computational basis, thus exhibiting quanturstarting from basis statgB)|0) sets the halt bit to 1 after
parallelism. The capacity to operate on an input stat&vp steps. Cases exist for whickiz > N4. Consider
that is a superposition of computational basis states wastarting from an input state which is the superposition
emphasized by Deutsch as necessary for a computer to bé basis states,|A)|0) + cp|B)|0). The halt qubit must
“fully quantum.” then be 0O for step¥y’ < N4, and 1 for step®’ > Np. For
Although the computational network connects more di-N4 < N < Ng, the state is a superposition of two basis
rectly to experiments and to such applications as factorstates, one of which has the halt qubit set to 0, and the
ing, the universal quantum computer mirrors more closelhother of which has a qubit set to 1. In other words, in this
the Turing machine, sharing with it the theoretical capacrange of steps the state entangles the non-halt qubits with
ity to compute any recursive function. For this reason andhe halt qubit. A measurement made of the halt qubit
perhaps others, it is an interesting theoretical object. when it is entangled with the other qubits changes the
For either a computational network or a universalstate and spoils the computation.
quantum computer, reading the result of a computation Thus it follows: If paths of a quantum computation
requires measuring the state of the computer when thstarting from two different input basis states halt at
state is the output state. Because measuring an unknovdifferent counts, then a superposition of the two input
state generally changes the state, this measurement msates entangles the halt qubit for the steps between the
be made after the computation has been completed, ammhe count and the other, so the measurement of the halt
not before; otherwise the computation is spoiled. qubit is incompatible with the unrestricted superposition
Because of the halting problem [3], the issue of when af input basis states.
computation of a recursive function is complete cannot For many special cases, including the factoring of large
be sidestepped. In discussing the universal quantumumbers [4], this difficulty need not occur, because in these
computer, Deutsch partitioned the computational basisases the computation involves a number of steps which
states, making each basis state a tensor product of tw@or any computational basis state as input) is independent
factors, the first an (unbounded) string of qubits, theof the input. To be a universal quantum computer, how-
second a single halt quhity. Every input state is some ever, the computer must calculate arbitrary recursive func-
superposition of basis states having initialized to 0. tions, and for this class of function the number of steps
Starting from any basis state, any executing program setannot always be held independent of the input. Hence,
no to 1 when the calculation is complete but does notwhile some computational networks can be fully quantum,
interact with ny otherwise. Regardless of whether thethere is a conflict between being universal—capable of
halt qubit is 0 or 1, a measurement to decide betweernomputing arbitrary recursive functions—and being fully
0 and 1 as possible states of the halt qubit finds theuantum (capable of computing values from inputs which
halt qubit in an eigenstate. This leaves the state of thare superpositions of computational basis states).
computer unaffected, so the halt qubit can be measured This limitation has been neither noticed nor circum-
repeatedly during a computation that starts from any basigented in later work with which | am familiar. For ex-
state without spoiling the computation; once a value of lample, Bernstein and Vazirani focus on special cases in
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which completion need not be interrogated [5]. A recenttcomputations, one can make statistical predictions for

review by Ekert and Jozsa mentions the need to detetheir execution time. Then, if the prediction is borne out,

completion, but invokes Deutsch’s halting qubit, the limi- a correct answer can usually be produced without the use

tation of which is the subject of this note [6]. Spiller's of a halt qubit. However, a universal computing machine

more recent review makes use of Deutsch’s definition ofquantum or not) is supposed to compute any function of

a universal quantum Turing machine, without discussinghe class of recursive functions, most of which do not have

completion [7]. this property. So, whether the limitation is restrictive or
The question can be raised whether the limitation camot depends on whether one wants to consider the class of

be circumvented; perhaps some clever scheme, analogorecursive functions or only some small subset. Sticking to

to schemes for quantum error correction, might help. But small subset is reasonable in many practical situations,

while quantum error-correcting schemes involve measuredut destroys the possibility of discourse that carries the

ments made in the course of a computation, they cannaubject of computability into a quantum context.

and do not measure the state or the part of the state thatl thank Amr Fahmy for a discussion of Shor’s algorithm

carries the outcome. They exhibit great care and cunninfpr factoring, and Howard Brandt for several discussions

in avoiding this, by measuring something much more re-on quantum computers. This work was supported in part

stricted. Getting a result requires measuring the outpuby the Army Research Laboratory and Berkeley Research

part of the state. Thus, no direct carryover of technique#\ssociates under Subcontract No. BRA-96-W195PO.

of error correction can circumvent the limitation: The de-

sign for a quantum computer by Deutsch cannot be both

universal and fully quantum. Whether some other model

of quantum computation can be invented is open to the
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