A Quantum Self-Routing Packet Switch

Manish Kumar Shukla, Rahul Ratan and A. Yavuz Orug¢
Department of Electrical and Computer Engineering
University of Maryland, College Park, MD 20742
Email: [manishk, rahulr, yavuz]@eng.umd.edu

Abstract—We present the design of a self-routing quantum represented by qubits (quantum bits). In a classical network
packet switch that exploits quantum parallelism to route all the sending both the packets on the same line would require either
Input packets of an internally blocking self-routing network to its multiple parallel outputs or higher bandwidth outputs, both of

outputs. The packets are represented using quantum bits (qubits) ; : . .
and the quantum self-routing switch creates a superposition of all Which have a higher cost. Consider packgtsand P input

the maximum size non-blocking subsets of the input packets at its t0 &2 x 2 switch S with outputsO; and O,. Both packets
outputs, which cannot be achieved by any classical self-routing are addressed to a single output, €ay. Classically, either
switching network that is internally blocking. we buffer or drop one randomly chosen packet and route the
l. INTRODUCTION other. But using quantum superposition a state of the form
| ing has b field of i 1/vV2(|Py, P,)+|Ps, P1)) can be created at the outputs of the
Recently quantum computing has become a field of Intenggiich. The two entries in eadket (])) correspond to packets
research and has generated tremendous interest. The MeP, and O, respectively. We can see that bath and P,
motivations for this have been the advantages of quantuip, present ap; and a simple measurement in computational
parallelism and entanglement, which have been used to achigkgis [0),]1)) on each qubit will give eithe®, or P, at
breaktr?roughs like Shor’s factorization algorithm [1] _an%h each with probabilityl /2. Thus, blocking doesn't occur
Grovers quantum search algorithm [2]. These algorithmgi ihe measurement is made. One implication of this is that
either solve problems that are not feasible (i.e., have exponghryets can be routed to their destinations without incurring
tial complexity) in the classical domain (Shor's Algorithm),, time overhead to resolve the contentions between them.
or achieve very good results while having a much lowghiher clever measurements can be devised that lead to different
complexity than classical algorithms (Grover's Search). Wagits by yielding information about both the packets. Also,

use such quantum parallelism to our advantage in designingha s perposition created in this way can be used to process
self-routing interconnection network without internal blockingy,o packets in parallel.

In particular, we present the design of a self-routing Banyan | this paper we give the complete design of the Quantum
network using quantum gateli.' blocking if i Banyan Network using basic quantum gates and explain its
An interconnection network is non-blocking it it can routgnctionality. The rest of the paper is organized as follows. In

all _pok?s;]ble one-to-one input-ﬁoélljtput mappings. Foh'j am N gection II, we introduce some basic concepts of quantum com-
switch these mappings are th€: permutations of the output i, yiny and Banyan interconnection networks. In section Il we
addresses. A network which cannot route at least one of thesgsant the design of 2x 2 quantum switch that is capable

N input-output mappings is said to be blocking. Many norl¢ creating a superposition of its input packets in case of an
blocking interconnection networks exist in the literature [3 utput contention. In section IV, we present the design and

but either their crosspoint complexity is high [4] [5] [6] [7] yroperties of a self-routing Banyan interconnection network

or they do not have simple routing schemes [8]. Thereforg,nsiructed using x 2 quantum switches. Section V contains
networks which are blocking but have the desirable propertiqﬁ colnf]cludigglreggarlgsl.] um swi ' I !

of simple decentralized routing along with lower crosspoin
complexity, e.g. the Banyan interconnection network [9], have Il. PRELIMINARIES
been investigated.

An N x N (usually N' = 2¥) Banyan network is composed We give a short introduction to the concepts of quantum

of log, N stages, each having//2 2 x 2 switches. This computing and self-routing interconnection networks and also

network is self-routing, i.e., the routing decision for a pack&Ve the notation used in the rest of the paper.
at any stage in the network is made solely on the basis of the ; "
output address in that packet’s header [3] [10] [11]. Thus, tk& Qukl)lts. ?n_d Suptlarposmon. ) o . ]
routing is local, decentralized and easy to implement. SinceThe indivisible unit of classical information is the bit, which
there are(N/2)log, N 2 x 2 switches in the network, it can can take either one of two values: 0 or 1. The corresponding
have 2(V/2)logs N ' Z N'N/2 states and because this networkNit of quantum information is the quantum bit qubit A
provides a unique path between an input-output pair, this gsPit's state is a vector in a two dimensional complex Hilbert
also equal to the number of unique input-output permutatiGR@ce. The elements of an orthonormal basis for this space
maps it can route. As a result, a Banyan netwzaknotroute a'€ represented g8) and[1). A qubit can also exist in a
N!— NN/2 permutation maps. superposition of the( and ‘1’ states. In general, a qubit's
Thus, in a self-routing network, a contention for an outpgitate can be written gs) =a|0) +b|1) where a.b € C and
can occur between the input packets at an internal switel” +[0]° = 1. |) is also represented 4s) = [a " . On
Using quantum superposition both the contending packégasurement (w.r.t. the above basis) the qubit is observed to
can be sent together to their desired output (without aR¢ found either in statdl) or in state|0) with probability |a|

increase in bandwidth or additional lines) when the packets a#ed|b|” respectively. The state of a system of multiple qubits
can be written by taking the tensor product of individual state

This work was supported in part by NSF under grant 9981187. vectors [12] [13].
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Fig. 1. A Controlled-Controlled NOT (CC-NOT) quantum gate

B. Quantum Gates
Fig. 2. An8 x 8 Banyan network

The state of qubits can be transformed via quantum gates
and circuits made using such gates [14]. These gates are
unitary transformations (hence are reversible) acting on a fixed [1l. QUANTUM SWITCH
number of qubits. Reversibility implies that given the output |, thjs section we first give the design of a basic quantum
of a gate, the corresponding input is uniquely determined. fyte \which we call a switch gate. This gate is used to make
one qubit gate, which is extensively used is the Hadamajd . 2 switch that is capable of creating a superposition of

gate. The transformation matrix for this gate is its input packets at both outputs in case of a contention. We
refine this design to & x 2 switch that creates a superposition
H= Lo } 1) only on the output for which there is contention at the inputs.
N R This refinement is critical for preventing erroneous routing of
packets.

. 1
It transforms state$0) and [1) as: [0) —5(10) + [1)) and 5 The switch Gate

|1>H%(|.0>7|1>).Thus,aHadamqrd gate puts a qubitin state e pagjc building block of the Quantum switch is a
|0) or |1) into an equal superposition ¢f) and|1). Another guantum gate, which we call a switch gate. This gate is
type of gates that are extensively used for manipulating quﬂébresented in figure 3. It is &n + 1)-qubit controlled-
are controlled quantum gates, e.g. a controlled-Hadamardg@fantum gate having one control qubit and and tweize
a controlled-NOT gate [13]. A controlled gate becomes actits of target qubits, each set representing a packet ofisize
depending on the state of some control qubits. One sughhe control qubit is set in stat@) then the gate interchanges
gate, controlled-controlled-NOT (CC-NOT) gate which hage two sets of target qubits otherwise if the control qubit is in
two control qubits ¢; andc;) is shown in figure 1. This gate state|0), it leaves them unchanged. Representing the state of
does the following operation the control qubit byc), and the states of the two sets of target
qubits by stringSzizs - - x,) and |y1ys - - -y, ) respectively,
le) |ea) |(er.é2) @) (2) Wheree,z;,y; € {0,1}, i = 1---n, the function of this gate
can be written as

CC-NOT
len) le2) |z) ——

i.e., it invertsz whenc; = 1 (indicated by solid circle) and

¢, = 0 (indicated by open circle). This can be extended to )1 zn)lyr - yn) — ) |ur - up)|vr o) (3)

quantum gates with multiple control qubits. We will be usingtherew; = ¢x; + cy; andv; = ¢y; + cz;. For the case when

such NOT and Hadamard gates with multiple control qubits= 1, i.e., when the packet size is one, it can be easily verified

in our switch. that the gate performs following functions depending on the
state of the control qubit

C. Self-Routing Interconnection Networks [0)|2)|y) — 10)|x)|y), |Dz)|y) — |1 |y)|x), =,y € {0,1}
4

A network has self-routing property if a packet can b‘i"hus forn = 1, matrix representation of this gate in the

routed by only knowing its input and output addresses, al : : 5 P
nothing about other packets’ output addresses e.g. the Om%%@putatlonal basifcontrol target-1 target-2 is

network [10]. Usually, such anV-input network is made ly | 04x
using 2 x 2 switches arranged itbg, N stages each having
N/2 switches (Vv = 2F). The routing delay experienced
by the packets iO(log N) which is much lower than the
O(Nlog N) delay of centralized algorithms. Such a network

(an.t8h><.8 tlﬁganyatTNneliwork%is $IT1°WT‘ in figtutre Z'Eﬁeh‘ % We use the switch gate to superpose the packets that contend
Switch in this network can be either arossstate or INrougn ¢4 one gutput of @ x 2-switch and to route the superposition

state. In figure 2, switcheB andC are inthroughstate while on that output. For example, when= 1, if the control qubit

A is in crossstate. The self routing property of the networ ; : ”
is illustrated by the example in figure 2. A packet is route f the gate is set in an equal superposition of staligsand

to the lower output of a switch at th&" stage if theit” 1> then the action of the gate % (10) +11) |x>.|3./> —
most significant address bit ig"and to the upper output if —5 (10)[z)[y) + [1)[y)[x)). Thus an equal superposition (prob-
this bit is ‘0’. Thus the path taken by the packet &t (with  ability of observation =1/2) of packetsr andy is created at
output addres§10) goes via switcheg¢’, B and E. Figure 2 both the outputs. Also, if we observe packeat one of the
also shows that there can be a contention for an output at@rtputs then packej will be observed with certainty at the
internal switch. Such a situation occurs at swifoh other and vice-versa.

(%)

O4x4

O O O
O = OO
OO = O
e NNl
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(a) The Switch Gate (b) Quantum circuit for the Switch Gate, (= 2)

Fig. 4. A2 x 2 Quantum Switch

Fig. 3. The switch gate

B. A2 x 2 Quantum Switch of the the output address in the data portion of the packets.

As we have discussed earlier, in a self-routing switchingill the problem of incorrect routing remains. Furthermore,
network, the address bits present in the packet header are U88dncorrectly routed packets will interfere with the routing of
to determine the path taken by the packet at the nodes of figgrectly routed packets, since their address bits will be used
network. For example, at thé" stage of a Banyan network, aby the2 x 2-switches in the later stages of the network, further
packet having'" most significant address hit = 0, is routed Increasing the erroneous routing.
to the upper output of the x 2 switch and a packet havingc. Quantum Switch with Dummy Input
a; = 1 is routed to the lower output. The input packets of a T th bl fthex 2 i itch
2x 2 switch at thei" stage are in contention for an output link, ' OVErcome tne probiems of e x 2 quantum Switc
if the 4* most significant bits of their addresses are same. Tﬂgscnbed in section I1I-B, we redesign the switch by introduc-

e : - Ng a dummy input-output pair. The undesirable superposition
purpose of our quantum switch is to remove this blocking 'Wgntioned in section 1lI-B is dumped on the dummy output.

the network so that the two contending packets can be rou o S . f

in parallel on the same link using quantum superposition. {fmjs tfwvgltgﬁn%?/hi%\gﬂtIgrgglgfefég)fThle Irnepsngc(t)i]:nteT; _SI_"i;’gCh

fi A S'Tp!l? de3|%n f?r sgg{h af X2 SW'tCE f'S deﬁ:Cte-d mt two outputs and the dummy outr;th,aré labeled, OQ.and

igure 4. Two sets of qubits of size each form the inpu ; : ) )

packets of the switch. The address bits that determine $Ha rg_s?ectl\_/erl]yﬁ 'i alwaé/stfed Wllih tdum"sy t%a(t:liﬁts Wh'lfht .

outputs are fed separately to the switch and are lahelethd Eéean'g }Zgnlilz:y %ls% {J%m du?n?n;r/).a'(lzoek?e.epotr?e d%mrﬁypggclfe?sa
is

a9 respectively. These bits function as the control inputs to thg = '~ - : ;
switch and are discarded after ugg.and P; (sizew— 1 each) Set|(;1gU|shabIe from the data packets, the following scheme is

are the input packets without andas respectively. Another ) ) L
qubit s initialized to state|0) is used as a scrafch qubit to® The address bits of the data-packets are replicated,d'e.,
The quantum circuit for this switch is given in figure 4. 11 respectively. )

If a; = a, one of the Hadamard gates changes the stk The address part of the dummy packets is formed by
of 5 to 5 (/0) +[1)) and the switch gate creates an equal [)epe_atlr;]g Oldd(§ - 1)-t|mfes, V‘Iiherep is the ngrjnbt_ar of
superposition of?; and P». If a; is [1) anda; is |0) then the itltiz Icl;]f tth% ?Orr;egioﬂér_t%fﬁﬁﬁﬁ;{n%t;%n 2, 1€,
NOT gate sets to state|1), i.e., sou: IS |1) and the switch : . . P SR
gate is set incross state. Whena, is |0) and as is |1), s c) The first bit of the data part is also used for distinguishing
remains in staté0) and the switch gate is set throughstate. between data and dummy packets. This bit is sedton

; the dummy packets and ta’‘in data packets. It is used at
Thus, representing the state of the systermdayas, P1, P2), - ' : .
the function of the switch is described as the output of an interconnection network made using this

switch. Since the address bits of the packets are removed

1 by th k, this is th ly bi ilabl h
0,0, Py, P (10,0, Py, Py) + 10,0, Py, P y the network, this is the only bit available at the output
| LBy — V2 ( 1 P + | 2 1)) of the network to determine whether the received packet
0,1,P, P) — [0,1,P,P) is a data pac_:ket-. _ o o
1,0, P, P 1,0, P, P g) The quantum circuit for this switch is shown in figure 5(b).
| nR) — 1 2 P © Two most significant bits from the address parts of packets at
11,1, P, P) — —(|1,1,P,R) + 1,1, P, P1)) inputsI; and 1y, labeledA}, A7 and A}, A3 respectively, are

V2 used as control qubits. Note that the address part of the dummy

Even though this design creates a superposition of the contepacket on input’; is not used. Data packets at inpuisand

ing packets at the desired output, a complementary Superpdgi_WIthOUt the two most significant address bits, are denoted
tion is created on the other output also which is undesirabl®y/ 1 and P, respectively. All the dummy packets are denoted
Even if we go ahead and make a Banyan network using thig D. Four scratch qubits;;, ca, c3 andc, initialized in state
switch, the outputs of the network might receive packets thigh) are used to generate the control inputs to the switch gates.
are not addressed to them. Also, it will not be possible to verifyhe functionality of the circuit can be exhaustively described
whether the received packet was intended for that output @ following cases depending on the values of address qubits
not because the output address bits are removed by the nduéiere A, = A1A?, Ay = A3A3)

(the 2 x 2 switches) of the network. We can overcome tha) When A;,4, = (00,11) or (00,01) or (01,11) or
problem of verifying the received packets by keeping a copy (01,01), all the switch gates act ithrough state. Pack-

486



b)

c)

d)

I

L

= 0

I3 —— O3

(a) 2 x 2 quantum switch with (b) Quantum circuit for the switch
dummy input

Fig. 5. 2 x 2 Quantum switch with dummy input

ets P, P, and D are sent to output?);, O, and other output. OutpuD;3 is always discarded. Consequently,
O3 respectively. Representing the state of the switch #se problem of routing superposed packets to both the outputs

|A1, Aa, P1, Py, D), the function of the circuit is is eliminated with the use of dummy inputs.
00112 P, D) — (0011 P P> D) IV. QUANTUM BANYAN NETWORK
0001 P, Dy D) — |0001 P, Dy D) We first describe a x 4 Banyan network made using the
0111 Dy P, D) — 0111 D, P2 D) guantum switches designed in section 11I-C and then derive
0101 Dy Dy D) — (0101 Dy Dy D) the properties of a general x n quantum Banyan network.

When Ay, A, = (11,00) or (11,01) or (01,00), exactly A. A4 x 4 Quantum Banyan Network

one of the gatesVs, Ny and V; changes the state of 10 Thjs network is depicted in figure 6(a). He®; is the
|1), settingS, in crossstate. Since no other controlled-gat%-th 2 x 2 quantum switch (with dummy input) at stage
becomes active;, ¢; andcs remain in statgo), thusSi, gynhose the size of the input packets (including the address
2 and 53 act in throughstate. Function of the circuit can oty js, bits, then the sizes of the dummy packets used in
be written as D; is a dummy packet od;, i = 1,2) the first and second stages of the networkare2 andw — 4
1100 P, P, D) — |1100P, P, D) bitst_resqlelcgve_:l_I% int accorhdance V\;:Ilflh tfhe scheme de?ctﬂbefd i?
section I1I-C. The taps shown in the figure represent the fac
1101 P Dy D) — [1101D, P, D) that the address qubits are taken from the input packets. We
|0100 D1 P D) — (0100 P, Dy D) give an example to explain the functioning of this switch.

When Aj, A, = (00,00), gate Hs sets ¢, in state Suppose input§, 1, 2 and3 have packets for outputs 2, 0

e o and1 respectively. We represent the data part of these packets
V2 (10) +[1)). Thus, gateS; creates a superposition Ofang, P, Py and P; respectively. The packets are represented

packetsP, and P at its outputs. GateéV, setscs in state y the tuple(A, P), where A represents the address part and
1), setting gateS; in crossstate. So, the superpositiony js the data part. Also, we represent address bits * 11’
at the second output of gat# is interchanged with the 5,4 11’ by ‘0", ‘1" and ‘d’ respectively. Thus the packets at

dummy input packet. Function of the circuit is the four inputs arg(11, P3), (10, P,), (00, Py) and (01, P1)
1 respectively. We write the state of the quantum wires at
10000 P D>_>ﬁ(‘00 00 Py D P2)+]0000 P2 D P1))  |ocations marked in figure 6(a) by vertical dotted lines. The
order of the components in ket-notatioi,, Wa, - -+, W,,),
When A4;,A, = (11,11), gate H; setsc¢; in state corresponds to the order in which we encounter the wires as

% (10) +11)) creating an equal superposition of packetwe traverse the circuit from top to bottom. We ignore the third
P, and P, at the outputs ofS;. Gate N; setscy to |1>, (dummy) Input-output pair of all the x 2 switches, when we

making 5’2 act in crossstate to interchange the unwantedvrite the Stat'e. AISO, we do not write the state of the discarded
superposition at the first output of; with the dummy @address qubits.

packet. Function of the circuit is The input state is|(11, I3), (10, ), (00, Fy), (01, P)).
The contentions for outputs at both the switches in the first

i(\ll 11D P, P,)+|1111 D P, P;)) Stage cause them to create following state at locaiam the

1111 P P, D
| tee >—>\/§ figure

Thus, this switch behaves as a classical switch when there 1
is no contention between the input packets for an output. Whg |(d, D)(1, P3)(0, Po)(d, D))+ (d, D)(0, P2)(0, Py)(d, D))

contention occurs, a superposition of the input packets is sent
to their intended output and a dummy packet is sent on thg(dv D)(1, P3)(1, P1)(d, D))+|(d, D)(0, P2)(1, P1)(d, D)ﬂ
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Fig. 6. Quantum Banyan Network

After the shuffle, the state & is given by interchanging the network, wherey, - - - , 0,,_1 is @ permutation of), - - - ,n—1.
middle two packets in each of the four tupldet§ above. Representing packets by their output addresses, the input
There is no contention for any of the tuplde(9 at any of quantum state of the network f&y, - - - , 0,,). Suppose that in
the switches in the second stages because one packet in ¢haeHirst stage, there is a contention for outputsnaswitches
input (for everykef) is a dummy. Thus the output state of the5(, ,,,), i = 0,--- ,m — 1, m < n/2. We denote the outputs
switch is for which there is contention as;, i = 0,---,m — 1 and
1 their complimentary outputs (output &, ,,) to which no
§[|P0DDP3>+|P0DP2 D)+|D P, D P3)+|D P, P, D)] packet is addressed) by; respectively. The indices of the
) even numbered inputs and outputs of the remairfng m
Note that all the address bits are consumed by the netwoglyitches are denoted by;, j =0,---,% —m— 1. Then the
If we do a measurement at the outputs of the switch, we Willutput state of the first stage is
observe one of the tuple&dtg in the above expression with
probability 1/4 each. Thei® component of a tuple is the 1\™
packet at thei'” output. Thus, the probability of observing <> > lag, a1, -+, a(n-1)) (8)
packetP;, i = 0,1,2,3, at outputi is 1/2. Also, we will V2 Gy €{0u; 05, }
observe data packets at two outputs, the remaining two outputs i =01, ,m—1
will have dummy packets.
. wherea,;, = d (d denotes a dummy packet) and
B. Generalized Quantum Banyan Network '
The generalizedh-input Quantum Banyan network: (=
28,k > 1) is shown in figure 6(b). This network hdsg,n  (auw,, Gw;+1) = {
stages, each havin§ 2 x 2 quantum switches. Output of
the first stage is connected to the inpudf the second stage,
where Note that there arg™ terms ket9 in the above summation.
, Each ket corresponds to a sequence of packets, including
(H— ,%/ZD mod 5 ; 1 even dummy packets, at the output of a stage (in this case, the
n .3 i 4 - iodd 7)) first stage) of the network. We will use the terms ‘packet
2 Tt {n/?J) mod3 ;10 sequence’ andket interchangeably in our discussion. The
- ) ackets in thekets in (8) are shuffled according to the
i,1€{0,--- ,n — 1}, i.e., all the even numbered outputs argwterconnection pattern between first and second stages. These
connected to the} Xda switch S and the odd numbered g ffledketsform the input quantum state to stage two. They
outputs are connected to tHex 5 switch Sy. 51 and Sy are  gre processed at stage two in a fashion similar to that in
constructed recursively in similar fashion. . stage one. Thekets having contending packets are broken
We now analyze the routing properties of this network fqgio" more kets and the packets in all th&ets (including
permutation assignments. Unlike in a classical Banyan n@fpse in which no output contentions occur) are routed ac-
work, packets in the quantum Banyan network are superposgflding to their addresses. This process is repeated for all

together whenever they contend for the same output aly@ siages. Thus, the quantum state at the output of the final

switch. Therefore, the outputs will hold all the routable (nong . i of the form> ™ by lpi, pi, -+, pi ), where p's

conflicting) patterns of packets between them. In what follows 9 i=1"ilPo, P1, ’p(n—li ’ p

we will establish that the output quantum state of the netwofi€ the packets anl, M are defined as follows. Suppose

is composed of all théetsthat correspond to these patternsthat the ™ ket ‘va?’l’_"' _’p(n—l)>' which we denote as
Let S;; be the j** switch in the " stage wherei = [P, 2n+1)>’ (log, n indicating the last stage), evolves via

1,---,logsmandj =0,---,2—1. Assume inpui of the first the following ket sequence, originating from the initial state

stage has a packet destined to outputf the last stage of the |Pj) = |og, 01, ,0,) (m; : number of contentions gt

(0w, 0w 4+1) Slj%is in through state
(0w, +1,00;) ; S, w;is in crossstate

wj
)

7::
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stage, arrow superscripts are the stage numbers) V. CONCLUDING REMARKS AND FUTURE WORK

i1 2 logy n—1, logon | In this paper we outlined the design of a quantum self-
[P1) — [B2) = 7= [Bog,n) = |[Pliog, ns1)) routing Banyan switch that creates a superposition of all the
m1 ma maximal output sub-permutations of an input permutation

M(logy n)

- assignment. This was accomplished by introducing dummy
thenb, — (1/\@)2555"% and M is equal to the number of packets wherever contentions occur within the network. Thus,

all ketsequences of the form shown above, which is also eq@| Packets are routed through the network without undergoing
to the total number of kets at the output of the network. NofdY Plocking. A simple measurement (measuring each qubit

that all these sequences originate from stage- - - ,0,,) and In computational basis) destroys this superposition and gives
together form a tree. Thé" level of this tree corresponds?nlyI one S’IUCh t(.)UtptL# subﬁpergutatlon, "K/C'Ctll |s.tﬁquwzlent
to the it stage of the network, and a node @t level © classical routing through a banyan network with random
corresponds t% &et in the expression for the output stateoacket d,[OPS In t():as(,je of (ign;[entlortlﬁ_. More sopht|_st|cated B"?f"
th : ; rements can be done that use this superposition in a better
?J g)fthztrzgﬁ'ié\l?hrgbﬁ:rﬁ{)grr%r;cggftg;%rgn?'ﬁ] rt]r?lg?‘_ IS €q ay and obtain more information about the packets. For

Since each contention introduces one dummy packet in fii@MPle @ measurement using a superposed basis can give
log, n information about correlations between the packets. Another
ket sequence above, = > .°2" m; packets out of thex

o , j=1 . potential advantage of the quantum Banyan network over the
packets inpg, - -+ ,p(,,_;,) are dummy packets. The remaingonventional Banyan network is that there is no need to take
ing n — d; packets are correctly routed to their destinationfocal decisions to resolve contentions.
This gives the coefficient dp}, - - - ,p’(n_1)> in the expression  The results established in this paper show that quantum
of final state ag /zdi/2_ packet switching can be an effective approach to mitigate
Remark The probability of observing packetsi, -- -, contentions in packet switches. Much work remains to be
i at the output of the network iB/Qdi So. theketswith done to make quantum switching networks a reality. Another
P(n-1) P T direction would be to extend our results to more powerful

less number of dummy packets have a higher probability @fitchi truct h as the Bérand Cl twork
being observed and this is desirable. Obviouskeacan not fiehing sfructures Such as the Bstn 0S NEWOTKS.

have more tham — 2 dummy packets. Thus in worst case, it ACKNOWLEDGMENTS
is possible to observe onlyntyvzo data packets ard2 dummy e would like to thank Professor Tekin Dereli for sharing
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