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Abstract. We have created the architecture of a quantum multicompuigtanalyzed its performance for running
Shor’s algorithm for factoring large numbers. In this paper combine fault-tolerance techniques with performance
goals for our architecture, which uses a linear intercohand six logical qubits per node. Our performance target
of factoring a 1,024-bit number in one month requires tetépg 6.2 logical qubits per second on each link in
the system, which translates to 3,300 physical teleportatper second on each link. A qubus-based interconnect
generates Bell pairs of intermediate fidelity that must befiedl. Starting from a Bell state with fidelity’ = 0.638,

as a qubus-based cavity QED interconnect might generateamijubit-to-qubit loss of 3.4dB, about 1.5 million
physical entanglement attempts per second are enoughdio tfga level of performance.
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1 Introduction quirements and on QEC, and provide a more complete analy-

_ L sjs of the application algorithm. We show that physical ¢gibi
Researchers have begun designing systems for dIStr'bUter(%ust be tepl)gported betgween nodes at about%,goo tefsjporta—

quantum computation (DQC). The basic principle of dis- tions per second on each link in the system, and individual

g'bUtgd 1ql;an;\ufm compfutanon hai. bﬁeg_ rnbov';m(afoi @nodes must contain about 10,000 physical qubits. Using the
ecade [1, 2]. Afew uses for geographically distributecan qubus scheme for the interconnect, initial fidelities ang, lo

glement have been developed, but more recently, interast haand purification must be used. For a cavity QED system as

groyvnl ml tge u:;,e ofvt?llstntf)ut(id quahntdql”rg %OT%Utat'on within a candidate technology, the resulting requirement is abdut
asingie laboratory. YVe reter to such distributed-memostsy -y iqp entanglement attempts per second on each link.

tems as quantum multicomputers.

The interest in DQC stems from the difficulty of scaling up
any individual quantum computer to hold the millions of phys
ical qubits that may be necessary for some applications. Any Our quantum multicomputer (QMC) architecture consists
quantum computing technology will have a limit to the num- of a group of semi-autonomous nodes, connected by a quan-
ber of physical qubits that can be supported in a single éevic tum network and a real-time classical network, all con&oll
These limits are not yet well understood, but may range intofrom a classical front-end computer that determines the pro
the low thousands for solid-state systems. Quantum errer co gram to be run and the role to be played by each node. Each
rection reduces the number available to applications tg onl node contains four logical qubits for the algorithmic data a
a handful of logical qubits. Thus, researchers are designin two logical buffer qubits for communications, which are dse
devices to be connected into multicomputers [3, 4, 5]. to send and receive data through a qubus entangling channel,

In previous work, we have determined that a linear net-giving a total of six logical qubits per node. All quantum er-
work of nodes will perform well on the addition subroutine, ror correction is performed locally, within a single nodeurO
and that the most efficient form of the algorithm on a quan-complete system will consist of 1,024 nodes for the aritfienet
tum multicomputer teleports data qubits, rather than gélles  unit, plus a few more for the control variables for the algo-
The mechanics of the original Vedral-Barenco-Ekert (VBE) rithm. An overview of the quantum components of the archi-
carry-ripple adder [7] work best for nodes that hold at leasttecture is shown in Figure 1.
four logical qubits. The links between nodes may be serial, A computer system cannot be designed without an under-
and two layers of the [[23,1,7]] Steane quantum error cerrec standing of its target workload and expected performance.
tion code will allow teleportation error rates of around one Above, we suggested a goal of factoring a 1,024-bit number
percent. We have also established a performance goal of fagn one month of wall-clock execution time. Next we show that
toring a 1,024-bit number in one month of wall-clock time on achieving this performance level will require 6.2 logicakbit
our system, which should exceed the performance of the beskleportations per second per node.
classical systems available [8]. The computational core of Shor’s algorithm is the quantum

In this paper, we establish performance requirements &r th modular exponentiation. The modular exponentiation can be
interconnect links, increase the level of detail on the n@de performed in roughlyin? calls to the addition subroutine, or

rdv@fo. wide ad jp a}bou_t four million calls for a 1,024-pit number. The execu-

thi Il . munr o@p. com tion time of the adder can be optimized down to the time to
fnemoto@ii.ac.jp teleport two logical qubits between a pair of nodes, when the

2 Multicomputer Architecture




multicomputer qubus centimeters

node connection to meters
| Q@O@O#—QO@O@O#—H@O@O@ |
qubit - f microns

) ; tomillimeters

fiber or "serial connectio 'transceiver quIt

wave guide—|
/OO;O‘ node-internal
\ qubit
qubus—qubit qubit—qubit
coupling coupling

Figure 1: Quantum portions of our quantum multicomputer
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Figure 2: Qubit-to-qubit losses in a cavity QED system

time to generate a high-fidelity Bell pair is long compared to

the local gate time [6]. To compose a series of additions into
a multiplication, a control variable must be used to set one
of the operands. We must teleport the control variable into

several dB. This figure makes it clear that avoiding any un-
necessary losses is an important goal when designing qubus-
based interconnects.

Single-qubit rotations on logical qubits are difficult, and
fault tolerance demands that direct data qubit-to-daté qub
teractions be minimized. Fowler therefore recommendsgusin
three registers for each logical qubit [11], boosting thenber
of qubits per node t6 x 3 x 232 = 9522 physical qubits. In-
cluding transceiver qubits for the interconnect and puatfan
buffering, we require about 10,000 physical qubits per node

3 Conclusion

In this paper, we have described a quantum multicom-
puter built from about ten million physical qubits packaged
in a thousand separate nodes, connected by a qubus-based in-
terconnect. We believe such a multicomputer structure can
be developed more easily than a large-scale monolithic sys-
tem, allowing a variety of physical qubit technologies talsc
quickly beyond currently-perceived limits. Thus, the mult
computer has the potential to dramatically accelerate the a
rival of quantum computers that generate results beyond the
reach of classical systems.
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the node before each addition, and again to clear the operand
after the addition. Thus, we use a total of four teleportatio REf€rences

operations per addition, half for algorithm control andfliat
the arithmetic itself. Sixteen million logical qubit telepa-

tions can be accomplished in one month if the rate of logical [

teleportations is 6.2 per second.

For two levels of the [[23,1,7]] Steane error correctingepd
teleporting a logical qubit require3? = 529 physical qubit
teleportations. Because we are using serial links between t
multicomputer nodes, each link must supp@®2 x 529 =
3300 physical teleportations per second.

Teleportation consumes Bell pairs. The interconnect sub-

system is tasked with creating the high-fidelity Bell palratt

we need. The qubus system is one candidate for the intercon-[5]

nect [9]. Simulations of a cavity QED form of qubus for quan-

tum repeaters reveal an upper bound of about 5dB loss qubit- [6]

to-qubit, beyond which entanglement fidelity is too low for
purification to operate [10]. For a more practical limit, @$0
of 3.4dB will give an initial fidelity /' = 0.638. The entan-
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