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An algorithm for optimizing movement of quantum variables

on arbitrary physical qubit structures

Improvement in digital computers will stagnate soon, because of thermodynamic prob-
lems and the difficulty of managing the quantum effects. As one possible solution, quan-
tum computers based on quantum mechanics have been proposed. Quantum arithmetic
possibly requires a large number of quantum calculation because of the physical restriction
on the quantum processor. This thesis presents an algorithm for mapping the quantum
variables onto the quantum processor to execute quantum arithmetic on the quantum
processor efficiently. This algorithm uses two graphs - the variable dependency graph and
the physical layout graph. This work is an indispensable function of a quantum compiler,

and serves as a route for realizing practical large-scale programs on a quantum computer.
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10 Quantum Computer, 2. Quantum Processor, 3.Graph Theorem, 400 Mapping Algorithm
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W ¢, var B
(ﬂ> 9 [1: temp C
b> W x kL CCNOT A B C
2 CNOT A B
() 00000 (b) 000 AquaD 000

0 4.2: Aquad0 0000

OO0 Aqual0 00000000 DOODOODOOO0ODOODOOOOO0ODOOOODOOODOOOn
000000000000 00D0D00000 Aqua~toolsO0D0O00O0OODODOOODOO
O00000000000 Aqua-tools 00000000 O00DOODOODOO graphvizO O
0000000000000 00000D00D000Aquad0 000000 0ODO0ODOOODO
0 Guest graph 000000000000 Aqua-toolsD0O0000D0O0O0O0OODOAqual
OO0 graphvizO OO ODOOO00OO0OOODODO embeddingPrettyPrint 0 0 43100 00
embeddingPrettyPrint

Aqua-tools D0 0000000000000 0DEAa)DDO4000000000 200
0000000000000 Aquqal00000D0OD0OODOOODOODO Aqua-toolsd O
000000000 E4p)000. 040000000000 000 D ODODOOOO
000000000000 000o00DO0oDo0ooooooooooooooooog
0000000000000 oooooooooo0oooooDooooooooon
OO0000OO0oDbOO0bOobooog
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4.1. OO 040 00O

h

4 N
void embeddingPrettyPrint(struct QuantumProgram *progp, char *fn){

FILE *fp;

int i, m, n, varn = 0;
struct gate *gp;
fprintf (fp, "digraph G{\n graph [rankdir = LR];\n\n");
/* variables */
00
00
(oo
00
00
/* gates */
for(i = 0;i < progp->gatecount;i++){
gp = &progp->gatep[i];
if (timefreeembedding){
switch(gp->type){
case NOT:
fprintf(fp, " // NOT\n");
fprintf(fp, " %slgate = \"NOT\"];\n", arg2str(progp,
h&gp—>args[0]));
break;
case CNOT:
fprintf (fp, " // CNOT\n");
fprintf(fp, " %s -> Y%s[dir = none, gate = \"CNOT\"];\n",
harg2str (progp, &gp->args[0]), arg2str(progp,
h&gp—>args[11));
break;
00
00

oo
N J

0 4.3: Aqua-tools 0000 00O OO DO O DO embeddingPrettyPrint O O
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4.1. OO

040 00O

title "COKM 4-bit adder”

arch AC

var B0

var A0

temp X

var Bl

var Al

var B?

var A2

var B3

var A3

var /

1: CNOT A1 BI
CNOT A2 B2
CNOT A3 B3

2: CNOT A1 X

3: CCNOT A0 BO
CNOT A2 Al

4: CCNOT X BT
CNOT A3 A2

oF CCNOT A1 B2
CNOT A3 7

B: CCNOT A2 B3
NOT Bl
NOT B2

7 CNOT X BT
CNOT A1 B2
CNOT A2 B3

8: CCNOT A1 B2

9: CCNOT X BT
CNOT A3 A2
NOT B2

10: CCNOT BO A0
CNOT A2 Al
NOT Bl

11: CNOT A1 X

12: CNOT A0 BO
CNOT A1 BI
CNOT A2 B2

() 000000000000

0 4.4: Guest graph 0 0 00O

(by D0DOO0DO0OO0UO Guest graph
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4.2. QUANTUM MAPPING SOFTWARE 040 00O

4.2 Quantum Mapping Software

00000000 Quantum Mapping Software(D 0 O0QMS)D 00000000 OODO
0000000000000 00DO00O0D00D0000b00DbO0DbOdAqua-toolsO OO
0000000000 D00000 GuestgraphO OO ODOODODOOOOOOODOOOOO
000 Host graph 000000000 OODOODODOO Graph Embedding O O OO0 QMS
oodooooooooooooooooooouoooooooooooooooo
0oo0ooooooobddobt aqual0 000000000 0OOODOOOOOOOOO
000000000000 0DO000O00O00O0D00D0DODOo0oOO0oDDO0ooDOo0DOO
0o

4.2.1 0O000OO0OOOQOOOOOOO0OOOOn

QMsoOooooooooooooooobobooobooooooooooooooobo
gbogbobodboobboobuoobboobuoobboooboobbooboo
O0O00oOoOoSwAPODOOOOOOOO

gobboboooobobbooogbbboo

gbbogboobuodgbooobuogbboobbboobuoobbooboonbog
OO00O00SWAPODODODOODODOOOODODOODODOODOO

gobbbooogoboboooobobod

00000000000 00000000000000 Target bitOO O OO OO Control
bit(Target bit 000000000 Control bitl(D OO C1)ODODODODODO Control bit2(O
00C2)000000) 0000000000000 0000D0DOoooDooOoOo0O0Ooo
googdooooobooooo

Step 1. Target bit D0 0000000000000 O0O0OOOO0OODOODOO

Step 2. Target it D0 D00 O00ODOODOOOOOCIODOO Cc200000000O
goboboooobobbuooobobobooooobooo

e Cl00OD0 C20000DODDOOUODOOLDCIDODOOOOUDDOUODOO
gobobooogd
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4.2. QUANTUM MAPPING SOFTWARE 040 00O

Step 3. C100C1O000000DOOOSWAPOODOOOOOO
e Target bit U U DO OO OODODODOODOODOODOOO

Step 4. C200C2000000000 SWAPOODOOOODOOD

4.2.2 graphvizOOOO OO

Graph Embedding0 0000000000000 0OOO graphvizOOOOOODOOODOO

QMS O graphvizO O OO ODDODOODDOOODOO Guest graph, Host graph O 0O 0O O
0000000 D0Graph Embedding 0 O O O Graph Embedding0 00 00O 0O OO Host
graph 00 Output graph 00 0 0O 0O Output graph 000000000000 OOOOOO
0000000000 0DO0000000O000DO0DbOOo0DO0o0oDOOoDOO0O0DOOo00Dn
OO0oooooo

O0000QMSODO graphvizO OO OO Guest graph 0000000000000 AT
oooo

4 N
$ ./QMS Guestgraph.dot Hostgraph.dot # Jouoboobooon

#include <gvc.h>

// Guest graph read fron argv[1]
Graph_read(argv([1]);

tmp = FPopen("tmp.dot", "r");
tmp2 = FPopen("tmp.dot", "r");

\_ /

O 4.5: graphvizOO OO OOOOOOO
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4.3 0OO0OOOOOOO

gbogobogobuogbboogobuoobbodbobbooboobooono
goboboboboboooboboboboboboboobobobobobobo
gobbooogn

4.3.1 O00OOOOOOOOOOO0

gboboboboobobobooboboboobooobbboboboobon
OO00000D00D0O0O000 Connected graph OO O0ODOOMO

gbboogbooooboobboobooobboboobbuoobobbbooboo
gobbbuooogboboooobobbooooobbobooooobobbooooon
0000000000000 000O000OO000DOo0ooOo0D Ea0ood

° ERDOTZ7R/—FAORDMEERDS.
1./—FADLHDETDH /—F~DEEEEZRD 5.
2./—FB,C.DADEEETETNTN"1,12"E755.
SEELY, /—FADRLEE"2"THS.

Iﬂﬁ‘:/_ F‘B,C, DO)E&lt\ﬁ[i%n{fﬂ”?,’Z,sn-G%é

046 0000000.

gbbooboobbobuoobbuoobbobboobbobuoobboobboo
gbbobogbooggbobooobuoobbuoboouobbuoobboobood
gobbbooogooboboooobo

4.3.2 0O0O0O0O0OOO

UbooobobobooboobOdbDjkstra’sd 000000 nooooobooonooon
gboobobobOobobobooboobo “cO0”00b0bODjkstra’sODO00OOOonOO
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00000000000000000000000000000000 goooooo
gobbboooobobobooogbboboooobobuoooobo

4.3.3 0O0OO

000000000000 00D000D000D0000O000O00oO0o0o0oDODOoDoDd
0000000000000 00000 BOODODODODOODODODODODODODODODOO BOODO
ODAO0OOODOODODODODODOODODO0ODOODOO0OO0OO00OO00O0DOOoODOOoDOOon
oood

O0D0000D0O0000000D000D00D000Guest graphODO0O00OD0OO0O0OO
0000000 VrOOOHoest graph OO OO0 O0O0OD0OO0OOOOOOODOOVEOODOO
00000 Guest graph D00 gO OO0 Host graph0 00 gOODOOOOOO Vg,Vh
O000000000000000 P(Ve,Vh)OODOOOOOOODOOOO

P(Vg,Vh)= (0O —VrOVgOOOO)+ (00 -VtO VAOODOD)

00000000000 P(Vg,VhODOOOODOOOOOODODODOOOOODODOOOO
0000000000000D0O0OO P(Vg,Vh)yOODODODOOO

Guest graph 00000000 O00D0OOOO00OO0O VrOODOHost graph0O000O0O
gboooboooboobovebooonb

gbobobooogbbbuooobbboooobobogo

4.3.4 0O0O0O0OOOOOOOO

gbdotddodoootuoooouoooooouooooooouoooooon
oo uoooouoouooog

O Host graph G1(V1, Ey)
00 Guest graph Go(Va, Es)
O0v eV, 0000000000000000000b0boo0d

23



43 0DO000OO0DOO 040 00O

4 N
Step 1. 000000000 (ve) OO
Guest graph U0 UO0OOODOOOOODODOOOOO
IF ODOOooboobooobooboobd
THEN U0 0DOOO000oobooggboogan

Step 2. 000000000 (ve)ODOO
UveO0O00D0DO0OO0O0OO0O0DOO Host graph U0 OOOOONO
IF DOO00OO00bOoobooboobg
THENO O OODOODOogoogboboooaooo

Step 3.0000000DO
O( vOveoooono

(b) Vr-vt OO UODOOODOOGuest graph D OO Host graph OO O OOOOO
ooooon

o /

4700000000
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5.1, UObObhouooobboboood g s5d oo

h
//title "CDKM 4-bit adder" h
arch AC
var BO
goog
var A3
var Z
1: CNOT A1 B1
CNOT A2 B2
CNOT A3 B3
2: CNOT A1 X
3: CCNOT A0 BO X
CNOT A2 A1
(ODoO
10: CCNOT BO A0 X
CNOT A2 A1
NOT B1
11: CNOT A1 X
12: CNOT AO BO
CNOT A1 B1
CNOT A2 B2
g CNOT A3 B3 )

0 52 cdkm04 000000 aquald OO0

00000 new-cdkmO4O0 0 OOOO 280000000 1000 00000O00O0DOO0OO

O0000cdkm04000 new-cdkm04 00000000 0OO0O0OOO0OO
new-cdkm04 0000 R3O 0OO00O0O0O00O0OOOO0O0O0ODOOOORB4AOOOOO

gobbooogbbbuooobobboooobo
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5.1, UObObhouooobboboood g s5d oo

BO 10 20

—D

AQ
X P4 -
Bl &
Al
B2
A2

B3
AJ

fant
Fan]

2
B

—D
D

B
S
B

-
-

S

—
| 2]

N
S

O 5.3: new-cdkm04 0 0 O 0O

054 cdkmO0400000O0OO

5.1.2 1D0O0O0O0000000oOoOooon

gboboboobooobooboobobooboobobboobnoobooboOoon b
O00oo0oo0ooooooooooboooobo1Iboboob LNNODODOOOOOoogo
gbobobobogbbooobboboobbuoobbuooboobooobooboobbo
O00000000ooooooooOoooooo R9oood

gss: buoogdobobuoooobbouoaooboo

1D0OOoooog

new-cdkm040 000000000 1DODOOOOOOO0OOOO0OOOOOOOOOOO0
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Embedding0 0O O0OOD0OO0O BEGOOOO

((m))

(((m)))
(((({g»))))
Q>
<(<((ﬁ°il)))))
Qi
(@(@»\WB

I

O 5.6: cdkmO40 000000 1IDOOOOODOOOO0ODOOOOODOOOODOOODOO
000000 SWAPOOODOODODODOODODODODODODODOODOODOODOODO
gbobbooodgbbboodooo

000000 RA0000
goboboooobbbuooobobobbo™mobobodoidon
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gboboboooobbboood

g s5d oo

f

"ogogogoooar

> "gpoggoooogagr

ObOoobooboobooboobog

var

var

var

var

var

var

var

var

var

var

Al
B1
A2
B2
A3
B3

AO
BO
Z

|
\4
o

|
\4
Q.

|
\Y%
5 0| +H 0

(STEP:
(STEP:
(STEP:
(STEP:
(STEP:
(STEP:
(STEP:
(STEP:
(STEP:
(STEP:

1)
1)
2)
2)
3)
3)
4)
5)
5)
10)

g b7 1DODOOODO

~

© 00 N O O b~ W N

CNOT
CNOT
CNOT
SWAP
SWAP
SWAP
SWAP
SWAP
CNOT

A1 B1
A2 B2
A3 B3
A1 B1
Al A2
A1 B2
A1 A3
Al B3
A1l X

O 58 1DO00000O0ODO0bOOooboOobooon
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5.1.3 2Db000uuddooooooon

gboboobobobooooooboboobobboobobooob2b0bOn
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0000000000000 000O0000000O0000O00DODO0 ETODOOO0
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0 5.1 cdkmO40 000000 2D000000000000O000O00O0O0OOODODOO
OOoooooOosSwApOd0OO0OO0OO0O0OOO0OOOOODOOOODOODOODODDOOO
gbobbooodgbbbooaod

- A
"ggogoogr >"gbuogogaogaor

ObOoobooboobooboobog

var Al > a (STEP:1)

var B1 -> b  (STEP:1)
var A2 -> ¢ (STEP:2)
var B2 -> d  (STEP:2)
var A3 -> e  (STEP:3)
var B3 -> f  (STEP:3)
var X -> g  (STEP:4)
var AO -> h  (STEP:5)

var BO > 1 (STEP:5)
var Z > 1 (STEP:10)

0 5.12: 2DO00O0OO0
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