» 9, arch)l, » qiitd, 11, » QLNUTLL, O, arch)l, » Qi -4)1, 119, 21, qLNOTLL, O, arch)l], » <1, 0 9, 11, QYcnoT(1, e, arch)], [[2], qTT(1, 1)1, [[1, 2], qCNOT(1, @, arch)], [[2], qTT(1, -1)], [[®, 2], qCNOT(1, @, arch)], [[1, 2], qTT(2, 1)1, [[e,

h)l, [[2], qHT(1)], [[e], qTT(1, 1)], [[1], qrT(1, -1)], [[@, 1], qCNOT(1, O, arch)]] ] ) 1 ), #let(arch := nt. DaramS[lL Llst( [qurC(ﬂt parararch)], [[2], gHT(1)]1, [[®], qTT(1, 1)1, [[1], qTT(1, -1)]1, [[®, 1], gCNOT(1, @, arch)]] 1 ) 1 ), #let(arch := nt.params[1], List( [qCirc(n

2], qHT(1)]1, [[1, 2], qCNOT(1, ©, arch)], [[2], qTT(1, -1)]1, [[@, 2], qCNOT(1, @, arch)], [[2], qTT(1, 1)1, [[1. aCNOT(1. ©. arch)l. IT21." rr»1 awtrad1 rra 21 arnnvtr1, @, arch)], [[2], qTT(1, -1)], [[®, 2], qCNOT(1, ®, arch)1, [[2], qTT(1, 1)1, [[1, 2], qCNOT(1, ®, arch)],

[[0, 2], GENOT(1, O, archlE,- Lhebe 2l CITT"C‘-’ mi)], [[0, 1]y gCNOT(1, ©, arch)], [[2], qHT(1)], [[©], qTT(1, 1)], [[1, 21, qTT(2, 1)1, [[®, 1], gCNOT(1, @, arch)], [[2] qH (1)1, [[©], qTT(1, 1)1, ([1]1, qTT(1, -1)]1, [[e,
qCi|

)1 1) 1] 13 E= N o i ! ].- CIHT(l)],- [[1, 2], qCNOT(1, ©, arch)] ] ) 1 1 ), varams[1], [ [gCirc(arch, 3, [ [[2], qHT(1)], [[1, 2], ¢ NOT(C1, , <t 1 1) Y1), [ ¢ irc(nt.params[1], 3
1,2 G A RITTUTINC GEFCLLEE

0, arc) = . . [[2], qTT(1, -1)], [[©, 2], qCNOT(1, ©, arc)
f f I0T(1, @, arch)], [[2], qTT(1, -1)")
[[2], qHT(1)]1, [[1, 2], qCNOT(1, ©, arch)]l, [[2], qTT(1, -1) , [[®, 2 , QCNOT(1, @, arch)], [[2], qTT(1, 1)]
-f , [[®, 2], qCNOT(1, ©®, arch)], [[1, 2], qTT(2, 1)1, [[®, ], qCwT( ., 3 a-c ,, [[2], gHT(1)], [[@], qTT(1,
/ ch)]] 1 ) 1 ), #let(arch := nt.params[1], List( [gCirc(nt pa a 5|1 ., [ [ 1, gHT(1)], [[1, 2], QCNOT(1, ©

1, -1)1, [[e,"2], chmu 0, arch)].. (t2], qrT(1, 11, [[1, 2], chom, o, arch)], [[2], qTT(1, -1)1, [[e, 2] ,~ — FepancT AL [ 218 aRTCILED) 1EREE L2 1R ENOT LS Ba L REEC T, S EEE T, ST, Se T, AL L, S 2 1R CHOTIL, ey Ra nch) 1R
o, 1], T(1 -arcn)1 T(1)1 m, qTT(1, 1)1, [[1], qTT(1, -1)], [[®, 1], qCNOT(1, O, arch)] ]) ! ____ ~/_/_/ / [2], gHT(1)], [[O%, qrT(1, 1)1, [[1], qTT(1, -1)]1, [[O, L], qgng(i Tgi',\ar'cfr\z] ])1]):;_V¥f_1rff(arch :=hnt-param
'], A F t wo )]]] ) ] % ), [ [aCirc(nt.params[1], 3, [ [[2], qHT(1)]1, [[1, 2], !/ [/ e Y Ty Jaey o b tactre(nt.paransiil. @ | Fgty WRE AR YT 7°- o)1 112
2 qCNEs ar |_r“_ 2], qCNO - ’ ’ - ’ ' AT 1 . >y I

arch)1, [[2], qTT<1, "Dl, L6, 21, chon:t, o, arch)l, [[1, 2], aTT(2, 1)], [[®, 1], qCNOT(1, ©, arch)], [[Z] age d el L o L

LY
L=J2 ™I"""%Z—s1337 LLTJ4A2Z ? —raz [[
—

], [[©, 1], qQCNOT(1, ©, arch)]ll1 1 ) 1 )., #let(arch := nt.params[1], List( [qgCirc(nt.params[1], 3, [ 21, gHT(1)]1, [Il1, 21, qCMDT(l 0, archS]L -1, [[e, 1], qCMOT(l @, arch)]] ] ) 1), #let(arch := nt. params[l], LISt( [qcuc(”t params[1], 3, [ [[2], qHT(l)l
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QC is Linear Algebra Problem Definition Our Approach: SPIRAL For more about the classical SPIRAL compilation system, visit http:/spiral.net

Quantum State - Physics Qubit Connectivity SPIRAL Quantum Compiler SPIRAL System Overview

. : : m Qubits must be physically adjacent to interact SPIRAL: Al for High Performance Code Transform Algorithms: Example 4-point FFT
m Superposition: qubit states are unit-norm complex vectors on the Bloch Sphere Py y adl [ (v ] } N 8 | e
: : : : - Requires connectivity Model: transform abstraction => T e R IR LT R
s Coordinates with respect to a certain basis denote the “square root probability” 1000 0 Space of implementing circuits T | S I Y R RN R
that the value is read when measured in that basis cNoT=| oo : I A R AN RN N
00 10
O 1 abstraction abstraction e s Fourierltransform Diagoni\l matrix (twiddles)
: : [+) = \/— 0) + —= | ) E :“:‘:‘:‘:‘:‘A“: DFT, — (DFT5®1,)T4(I, ® DFT,) L4
_ : : :
q — % |O> + % |1> |_> —_— \/E |O \/E |1> ,-: deflnes o ?il ““““““““ Kronecker product Identity Permutation
measured in 0,1 basis m For loosely-connected devices, must insert SWAPs 3} > rewriting s <earch
. S o ~ High performance lirary (Tl High performance ibrary - 5o describes th structure ofthe daatiow T ereueee)
(L)z _ % probab|||ty Of read|ng ”O” ple Lg- (CNOT® I, ® L)) E O \ optimized for given platformoptlmlzedforglven platform
1 architecture 2 3 circuit ;
(\/L_)Z _ % orobability of reading “1” 3 o ~ § < space Examples: Breakdown Rules (currently =220) Transform Algorithms: Example 4-point WHT
2 CNOT between I Spa Ce § g p BE;Z : ;szggilg;?aiik)szT;Znil—fnl’ SCdz(kk:Ln)ZJ- Welsh Hadamard Transform (WHT):
ad . BN ~ DFT, — Rl (I;©DFT,_1)Dy(I1 ®DFT, 1)R,, rime 1 1 1 1 1 0 1 O 1 1 0 O
non-adjacent qubits 1 I I 3 T DCT-3, — (I.meafn) L:;L,L(DCT-smfim)@DCT-s.m(];/p@) Gt et | ot o 1| |1 -1 0 0
= — 2 - ! 2ot | 3 ash| n=2m V1 1 -1 -1|TV[1 0 -1 o|Vlo o 1 1
q 1 |+>d _+ Obl _ > ﬁ % \ J < & DCT-4, — SnDCT—2ndiag£<k<;/(_1/(2cos((Lk+1)7:/4n))) -1 -1 0 1 0 -l 0 0 1 -1
measured In +,- pasis : Hadamard transform Identity
' N\ Swap D\ Qubit Topology, . . . o ) IMDCTs,, — (Jm@lm@lm@Jm)«{_l}®Im>ea<:1}®rm>) Jom DCT-45,,
0 2 1 0 2 1 ! 1
100% prObablllty Of read|ng “yr @ @ @ Q &/ O 1,2 O &/ O Hardware Gate_set’ Opt|m|zat|0n PhyS|Ca| |mp|€|:nentat|0n Wi, f[(l WL oL Ebe s H,=H,® L) * (I, ® Hy = (H, ® Hy)
@ (1) @ High-level circuit description Meets constraints - p———
0% probability of reading “.r —/ DCT-2, — diag(1,1/v2)F,
o . o . . DCT-4; — J2Rizgys = Classical breakdown rules are exactly what we need
Non-trivial to find minimal swaps on large circuits! for quantum factorization

Combining these rules yields many algorithms for every given transform . . .
Also a valid quantum circuit

Quantum State — Linear Algebra Qubit Topology n Defining a Circuit The Embed Operation

(n —k)!
m Qubit states are unit-norm, 2D complex vectors (4D space) m k-qubit operation on a n-qubit mesh has ~O( P} ) placements in the mesh = Atop-level circuit definition: + Architecture is Pruned in recursive calls
. " ) - . - But only those subgroups that meet connectivity requirements
m Qubits can be “measured” in any orthogonal basis; Outcome probability IBM Research, Zurich Tree represents all possible mesh placements

is the magnitude squared of the projection onto measured basis

) ) NISQ Topology, represented List of Operations to
”Measurement” is destructive: Qubit state collapses to measured state Q Topology, rep P

_ - a b c C | as an adjacency matrix Perfolrm on the qubits [[[;),(2)1,(1),8]], Apply a 3-qubit Fourier |
a p How did we plot a 4-D space on 3 axes? I DI transform to qubits 0,3,1 Apply a CNOT from qubit 0 -> 2
q = 1 Measuring (D in the X basis l {8(1)(1)(1)}] — ——
b lg|| =1 [o] H s | q)|2 gCirc(arch, [ ([1,2,3], gHT ), ([0,21, gCNOT ), ... 1); qCirc(arch, [ ([0,3,1], qFT ), ([@,leqCNOTm;
T I 1 | 1 | —
| |
Measuring )/CI)in the X basis Apply a 3-qubit Hadamard Apply a CNOT from qubit 0 qEmbed ([0, 3, 1? ’ a‘rclh’ qFT) * qEmbed([0,2], arch, qCNOT)
~Or- P(x) | (I)|2 53 Latiice Too| transform to qubits 1,2,3  to qubit 2 S ' Lo
xX): | X - }/ x3 Lattice Topology
— [1o,1,0,1,0,0,0,0, 0],
—1— —0— —0— —O— B @ 9 If |Y| 1 {(1):(1):(1):8:(1):(1):8:8:8}: - . Reord([0,1,3,2])*JUI’]C([...])*TEI’]SOI’(QFT(:S),I(Z))*JU”C([...])fReord([@,1,3,2]),
0 i 0 0 Ix | [1,0,0,0,1,0,0,0,0], Global qubit reordering can be done by lS (3 '2] H ' (0,101, . ; 12
— [0,1,0,1,0,1,0,1,0], g . wap y , , , 4
qg=a + b +c + d {8:8: (1)(1) (1):8: 8:(1): (1)} permuting the topology matrix {(1)23}] ' wap ([ ] )
0 0 1 0 [ ]“[ ] {8888(1)(1)(1)(1)(1)]]] qCirc(subarch, [ ([0], gHT), . . .1);
0 0 0 | N Y B pa A R N ©) 2 €) 2 (O 2 (O 2 (1) () o (T o (5 R~ i ey
These two states are indistinguishable _ . .
a,b,c,d eR lg|| =1 to a measurement device (b) IBM QX5 = Next: Recursive breakdown stages m How do we find the globally-optimal embedding?
Single-Qubit Computation Quantum Fourier Transform (QFT) Embedding a Transform Rewrite Rules
m We perform single-qubit operations with 2x2 unitary rotation matrices a Circuit Description N\ , . L
e e , , , = Quantum Fourier transform _ _ x4 Lattice Topology m Perform direct or conditional substitutions to collapse gates and
m Hardware “ISA” codifies a subset of these as physically-realizable operations, S S R 4 ) 4 ) S o
r Quantum Gat RS L . — simplify circuit description
0 ua u ates Single-Qubit gates: irreducible basic blocks QFT: |z) — ? P Wiy |k)- QFT = % 1 W Wb w? W3IN-1) QHT on 0,3,1 CNOTon0, 2
cos(w/4)  —e' sin(x/4) . | 0] _ [ sinG=/4) U, 6. 4) cos(6/2) —e'* sin(6/2) 1 S AN vy w(N‘lz)(N‘l)_ L y N y Rewriting Rules:
e sin(z/4) €90 cos(n/4) cos(z/4) P A) =y iAtid 1 . i 0 1o i Osms. ]
e'? sin(0/2) e cos(6/2) QFT (|12 ... 20)) = Nic <|o> + e2mil0 |1>) ® (|0> + e2mil0 |1>) ® - ® (|0> + e2mil0 |1>) \_ - 4 Flatten Tensors
Single-qubit circuit: 2 Embed ) - ex) Tensor(Tensor(H2, I2), Tensor(X2, Y2)) => Tensor(H2, I2, X2, Y2)
) 1) Q_O 7 (10) + e2riloeaenl 1)) Reorder Junction Junction Reorder Reorder Junction Junction Reorder
|22) <H>—r -- L= (]0) + e?mil0waaal 1)) 0132 ! 10213 ! , 0213 ! 10132 0213 ! 10123 ! , 0123 1 10213 # Combine Tensors
|a23) l -- 25 (10) + e2mil0zaeal 1)) o .' .' QHTE) .' .' ': - ': ; " lenot| ; ': H * ex) Tensor(H2, I2) * Tensor(I2, H2) => Tensor (H2, H2)
H X H i - I Gl <. R
|:z-,,,,'1> l - —(E)—R) L (0) + e2mil0 1)) — . ; , —_— . . f — — # Combine Reorder
) . - ! @— 2 (10) + 201 1)) \_ EEEh - EEE EEE ) - ex) Reorder([0,3,2,1]) * Reorder([0,3,1,2]) => Reorder([0,1,3,2])
V2|1 -1 1 o] V2|1 -1 0 -1 " Shor’s Algorithm... cenea .8 - ex) CNOT(1->0) * CNOT(1->0) => I1(2)
0 _@ f——-& | - | sub circuit
, ] , Every logical circuit is a matrix, decomposed I
S QFT;) i into gate block : QHT(3) © : . i
a _ 1 O .1 0) {x] gt T OB REEe ?C :><_i l( i coe The “Best” embedding has adjacent Reorder steps that reduce
) e Ho b Ao — - /

Multi-Qubit Computation Quantum Algorithm Search Optimization First Results

m Parallel gate applications are tensor products = Many existing solvers are Peephole Optimizers £ (arch) = Cost(Rewrite(Breakdown(r, ) = We tested SPIRAL against IBM’s Quiskit optimizer with Cost(t) = #(CNOT)(t)
o - - Ttopt(arch) = argmin Cost(hewrite(Breakdown(r cire, arc , , ,
e o U=|P r‘ Circuit space is exponentially large P rtgmch = Executed final QASM code on IBM’s Tenerife and Bogota devices
— U b adamard to qubit O, -
| Identity to qubit 1 q 9 = The true problem: Search over the circuit space for a given matrix .
Every implementation has a unique mathematical expression in a limited language » Tenerife Arch CNOT Count mSPIRAL mgyl ®OPt2
o Breakdown(rt, circ) : applies breakdown rule sequence rt to transform circ o lwoLoo
p [0,0,1,0,1],
1l 1171 10 11 _[ol T[»]_T01 |4 Transform basis vectors, leveraging circuitop (Mat) = argmin Cost(circ(Mat)) where circ(Mat) = Factorize(Mat) Rewrite(c) : applies rewrite rules to simplify expression ¢ oo e - S
1=l I=( |®|,|=U*|,|® = ® =, separation principle cire(Mat) _ " Test circuit, written in
Cost(t) : returns the cost of gate expression t 10 L
0 0 . quiskit syntax
L g <basic gate> {1} ::= H . . . . 8
0] C ] Extends to EPR pair | X arch: The qubit topology of the architecture, as an adjacency matrix 6
Mat: Characteristic Circuit Matrix | 4
o= V=2 e o] = o= [ife ol [2] @ o] | 5
. : 0 Factorize: Factor Mat into BNF form SERIE 12 ;= CNOT_c1  # Qubs ERlRcont tol SRaubELN0 , _ _ _ . (2) | .
| 0] | 0] | CNOT_c0  # qubit 0 controls qubit 1 = Solve via Dynamic Programming or Genetic Algorithms o c2 o o
circ.h(qr[1]) rc.h(qr[2]) circ.cx(qr[4], qr[2]) circ.cx(qr[0], gr[1])
<circuit> {n}  ::= <circuit> {n} * <circuit> {n} Greartol art2) EEZE&EZ @, 2] Gireoxarta] arial) Gire oxarol, arlaD
e e e Continue for4 bases -p . 0 O- Can we automatically solve this problem? I :E;ZE:iEZ;{k} tensor <circuit> {m} where n = mk . Unparse the circuit as 3 QASM orogram EEEEEEEE; ?OE';EEO:;[]S? r[0]) EEEE?%EELZ:E; Eiggggﬁgiéﬁzﬁ
0 O | <basic_gate> {1} ' for'iir;h[(o,l[,'?}: 'circ.(h(c;[r[’]i]). a circ.ox(ar(1], ar[0])
) ) q S . . . . n n . . - - - circ.h(qr[i circ.ex(qr[3], ar[1
Transformation Matrix Circuit = 0 0 =lU®1I = Alogical quantum circuitis a 2" x 2" matrix that can be expressed in a = Actually a factorization of subgroups of the permutation group
p r : . o .
0 0 language of gates, matrix products, and tensor products = Next steps are to add breakdown-rule heuristics, additional rewriting rules,
q S

i _ Matrix Factorization problem, Backus-Naur Form and QFT support (Leveraging SPIRALs FFT algorithms).
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