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Outline

e Motivation 1: collaboration with Lockheed Martin on
guantum computing

e Motivation 2: current landscape in oncology studies as a
driver for better modeling

 Examples of designs: combinatorial and model-based
e Quantum computing: some examples



Motivation 1: Quantum computing

About 2 years ago: start of a joint project between ICON Innovation
Center and Lockheed Martin

Exploring statistical problems to be solved on a quantum computer D-
Wave:  https://www.dwavesys.com/quantum-computing

D-Wave: a quantum annealer, designed to solve quadratic unconstrained
binary optimization problems (QUBO)

X" = arg min [XTQX - hTX} , (6)

X

elements of n x 1 vector X are either 0 or 1,

Q) is an n X n symmetric matrix, h i1s an n x 1 vector.

sing problem: z! = +1 = use z; = (1 + x)/2
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Quantum computing

Superposition
— Conventional computing: a bit exists in one state at a time, either O or 1

— A qubit exists in two states at one time, these states are probabilistic
guantum computer can manipulate vast data sets simultaneously

— Number of quantum states: 22000 ~ 108% for a computer with 2000 qubits
(Number of atoms in the universe - ?)

Entanglement:

— Conventional bits interact only in a linear sequence, changing each other’s
state one at a time in a chain of binary operations

— Qubits can interact directly with each other, even at great distances,
altering each other’s states without intermediate causal connections -
potential for using computational “shortcuts” (quantum tunneling)

— Conceptually counterintuitive
Albert Einstein’s quote: “God does not play dice with the universe”
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Superposition: Schrodinger's cat

Life-size cat figure in the garden of Erwin Schrodinger’s house in Zurich

(depending on the light conditions, the cat appears either alive or dead)

Huttenstrasse 9
8006 Ziirich




Quantum computing (cont.)
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 Hardware challenges: providing a
super-cool environment

— Technological challenge: “complete”
isolation from the environment (vibrations,
heat, light, electromagnetism,....)

— Any energy input changes quantum states:
an ideal guantum mechanical system can
only exist at a temperature of absolute zero
(0°K =-273.15°C =459.67°F).

— A processor must operate in the “near-
absolute-zero” space

— The latest generation D-Wave system:
15 millikelvin

https://www.dwavesys.com/tutorials/background-
reading-series/introduction-d-wave-quantum-
hardware

—=— Processor

)
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Motivation 2: oncology studies

Dozens of compounds (mono/combination therapies) and cancer
types

Need to screen multiple drug combinations for each cancer type
Sponsors competing for resources (patients, research sites)

Hundreds of clinical trials needed within the traditional setting
(one treatment, one disease, one study at a time)
Modeling is needed

= Statistical, mechanistic

= QOperational processes (enrollment, drug supply)

= Borrowing information between studies

Example: dose finding (simultaneous modeling of efficacy and
toxicity, including drug combinations)
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Single drug: maximize probability
of efficacy w/out toxicity

Drug combination: borrowing

information between studies
(composite designs)
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Trial classifiers in oncology

Genotype |6, |G, .| G | . G

Cancer C, C, Cy Cy
Treatment T, T, T T,
27??

* Number of all possible combinations = M x K x L x (?)
* Interested in drug combinations: L ~N(N-1)/2, N - size of the drug portfolio
» Different designs: different order of layers



Oncology: types of trials
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Basket

Treatment T, T, .. T
I
I

! v
Cancer ¢, ¢ .. C

Testing treatment effect on a
specific biomarker across
cancer types

Umbrella

Cancer (SR NG I B

/v Ty
cenatype 1 G, 1, - | Gy
\/ o= v

Treatment T, n . T

Testing treatment effect on
different biomarkers in a
single cancer type
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Modeling

Fusion of combinatorial and model-based design techniques
e Different type of designs within a single hierarchical framework

e Discussions with Rosemary Bailey: workshop “Design and Analysis of
Experiments in Healthcare” at the Isaac Newton Institute for Mathematical

Sciences, Cambridge, UK, July 2015

Starting point: ANOVA-type model, factorial designs, how to tackle the
problem of a large number of drug combinations

 No dose finding today: doses have been selected

Yijkee! = Hjkeer + Sijreer » V=1, ... Mpep (1)

Indices: 7 - subject, j - subtrial, &k - cancer type, (, (" - drugs

11



Modeling: combinatorial designs

J - no. of sub-trials, K— no. of cancer types, L — no. of drugs

Constraints to make a design balanced (Rosemary):

1.
2.
3.

All sub-trials involve the same number of cancer types
All sub-trials use the same number of drugs

Each pair of distinct cancer types are involved together at the same non-
zero number of sub-trials

Each pair of distinct drugs are used together at the same non-zero number
of sub-trials

Each drug is used on each type of cancer at the same number of sub-trials

12
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Example:J =10, K=6, L =5 (Bailey, Cameron, 2018)
(a) Cancer Drugs (b) Cancers
Block | (subpopulation) Block || CI C2 C3 Cc4 C5 C6
I C123 D15 1 D15 | D15 | DI5
2 C156 D12 2 D12 D12 | D12
3 C134 D23 3 D23 D23 | D23
+ C126 D34 4 D34 | D34 D34
5 C145 D45 5 D45 D45 | D45
6 C245 D13 6 D13 D13 | DI3
7 C235 D24 7 D24 | D24 D24
8 C356 D35 8 D35 D35 35
9 C346 D14 9 D14 | D14
10 C246 D25 10 D25 D25 D25

13
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From combinatorial to model-based designs

[k = a+bj+ ¢y, (2)
Wikey = a-+b; +cp + {d; \/d.gr},
Wirer = a+bj+cr+de+dp+dop, €<
Goal: regression-type model,
y(x) = 1 (x)B+2, x € X, (3)
x - vector of experimental conditions; f(x) - basis functions;

3 - unknown parameters; X - set of candidate (support) points

14
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Candidate points, model (2), BIBD design

MNo Block effects b; Cancer effects cx Drug effects ds
by | ha | | b1 1 | ca | eg | ed | o | e di | da . | ds S X 120 d . .
| 0 0 10 0 | oTolololo 01010 0 et . Istinct SUppDI’t pDII"ItS
2 1 | ofo] o i loflo|lolo|ollo]|ol|lol 1
3 1 | ofo] o i lolo|lolo|lol1]|o|lo] o0
4 1 | ofo] o i lolololo|ollt]|ol|lol 1
5 1o o] o ol tlololololololo] o b) Cancers
6 1| ofo] o o|ltjlolo|lolol|o|0]o] 1 Bok Tl T T3 [ c2 T o5 [ ce
7 1o fo] o oltjololololo]|1]o] o
8 tlolol o floltlololo|lolo]|1]o] 1 l D15 | DI5 | DIS
9 1| ofo] o ololt1|lo]lololoflolol] o 2 DI2 DI2 | DI2
10 1| ofo] o o|loflt1|lo|lo|lo|o|0]o] 1 3 D23 D23 | D23
11 1 ] 0 0 0 0 1 0 0 0 0 1 0 0 4 D34 | D34 D34
2 1| ofo] o oot |lo|lololo|1]0] 1 5 D45 D45 | D45
6 D13 DI3 | DI3
wo |l o [ o Jol 1 ot JoloJololloJolol] o - 522 | D22 —
o |l o | o o 1 o|ltjlolo|lolol|o|0]o] 1 —
el o | o o 1 o|ltjlolo|lo|lolo]|1]o] o0 8 D33 D35 | D33
mfl oo ol 1 ol 1 lolololo|ol|l1]|o]f 1 9 Di4 | DI4 D14
13l o [ o o]l 1 olololr]ololoflolol] o 10 D25 D25 D25
4|l o | o o 1 o|lojlol1]|ololo|0]o] 1
1ms |l o [ o o 1 olojolt1r]ololo]|1]o] o0
e |l o | o o 1 olojol1]|ololo|1]o0] 1
17| o[ ool 1 o lololololtr{fololol] o
g |l o | o | o 1 olojlolo|lo|l1]o]|0]o0o] 1
o |l o | o | o 1 olojlolo|lo|li1|o]|1t]o] o0
1201 o | o | o 1 olojlolo|lo|l1|o]|1]0]1 15
[ [ @oe | = | oo [ o0 | @2 |2 | o | e | o0 [ | on |- o
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Regression model, BIBD

The simplest linear regression model:
o . . T
B = (5o; Bur, - - -, Boao; Br- .., Be; Br,...,B1)", (4)
with Gy = a, Bpip0 = bis10. P16 = €156, Bron = diss,
T
f(x)=(1,zp1,..., 200, 21,...26,T7,...,Z11) .
All parameters (3 cannot be estimated: constraints needed, e.g.
10

Z’Sbj = () (Wu, Hamada (2000, Chapter 1.6)).
=1

Simplification: exclude block terms [3;;, instead add interaction terms:

B=Br...,B6 Brs-- P11, Bigs - - -, Bar)’, (D)

f(x) = (x1,...x6;27,..., 711, T7T8, T7Tg, ... G'J‘mi"u)T- 16



Candidate points, model (5)
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Points Cancers Drugs Commenis ||

No cl [ c2 [ c3 | c4 | 5 | et || dl [ d2 [ d3 | d4 d5

1 l 0 0 olo]o ol 00 0 0 Placebo

2 I 0 0 ol o]0 1 0|0 1] 0 Single drugs,
3 1 0 ] ol o]0 1] | 0 1] 0 Cancer 1

4 I 0 0 ol o]0 0| 0 | 1] 0

5 I 0 0 ol oo o | 0|0 1 1]

& l 0 0 olo]o ol 00 0 1

7 I 0 0 ol o]0 1 | 0 1] 0 Pairs with D1
8 I 0 0 ol o]0 1 0 | 1] 0

9 I 0 0 ol o]0 1 0|0 1 0

10 I 0 0 ol oo | 0|0 1] 1

11 I ] 0 ol o]0 1] | | 1) 0 Pairs with D2
12 I 0 0 ol o]0 1] | 0 1 0

13 l 0 ] ol o]0 1] | 0 1] 1

14 I 0 0 ol o]0 0| 0 | 1 0 Pairs with D3
15 I 0 0 ol oo o | 0 | 1] 1

16 I ] 0 ol o]0 o | 0|0 1 1 Pairs with D4
17 0 I 0 ol o]0 o | 0|0 1] 0 Placebo

18 0 I 0 olo]o 1 o]0 0 0 Single drugs,
19 0 I 0 ol o]0 1] | 0 1] 0 Cancer 2
22 0 I 0 ol o]0 o | 0|0 1] 1

23 0 I ] ol oo | 1 0 1] 1] Pairs with D1
26 0 0 ol o]0 1 0|0 1 0

32 0 ] ol o]0 o | 0|0 1 1 Pairs with D4
]| 0 0 0 oo 1 o | 0|0 1] 0 Cancer &
96 0 0 0 ol o 1 ol 00 1 1 Pairs with D4

Ty | xe [ T3 | Ta | T | xe || Ty [ 2R | To | Tio | T

Set AX5: 96 distinct support points

17
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Comparison of designs

Designs &,: n support points with equal weight 1/n.
e £oq: all 96 support points from A%

e £13: 48 points removed from &g via backward elimination, i.e., on step

1 find
x; = arg min £ (x)M (&) (x).

KE{"L’Q
and remove x; from then “current” design £95 = &g, etc.

e £560 66 points obtained from BIBD design by removing replications

Design | |[D|'/?! | Efficiency (%) | ttD /21 | d,,(x;. €)
&3¢ 13.80 100 44.1 21
£33 14.56 94.8 48.3 23.6
S | 14.76 035 6.7 | 24.06

18
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Comparison of designs
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Designs E_,;E and ﬁ;g

0 10 20 30 40 50 G0

Design point index, x & &

&oe ™ D-optimal
(Equivalence Theorem,
sensitivity function)

&1 Small loss of
efficiency (~“5%), but
possibly more practical

Cost analysis: which

option is better

* Minor increase in
sample size

e Substantial reduction
in number of
treatment arms

19
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Back to quantum computing

e Similarities between QUBO and iterative algorithms of construction of
model-based design

e Example: construction of saturated designs on a hypercube
yi=Po+x B+, x; € X = {X | x € {0, 1}”""1} .

Second-order exchange algorithm (Fedorov, 1972, Ch. 3.2):

Given £y (5 find X,ES) € {N,(s) and xtt e 2 \55\.:(3) such that their swap-
ping maximizes the increment of

IM (&N, (s41))

=14+ A; .
|M<£7\(9))|

One can verify that
As=X (57\ )X - TM (5?\ is))xi

+x M HE ) xix MTH(Ey )% — x M€y o))x3x M (Ey 6%
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Second-order exchange algorithm

A=x ML ~,)x—}( M€ N.(s))Xi

Tax—1 - Tan—1 T'wnr—1 Tax—1
+x' M {_{_.\.*_{H})X.;X; M (E..-"»"{.H'}I)X -x M (E.,'\'_{.w})xxj M (E._'\-'_{.-:])xr

X; - current design point, X - candidate point:

Agi(x) = x'Qx, where Q = (1 —x M 'x,) M ! + M 'x;x/ M.
On each step s:

- Maximize ﬁ.,,.]?-_(x) over X € A for each design point Xx;.

- Find maximum Ag; over design points.

- Iterative procedure (multiple steps)

Saturated design, m = 7: number of possible combinations £ 0.6 x 10" ,
1
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lterative qguantum annealing on D-Wave

Mapping the original optimization procedure to the QUBO problem
wired at D-Wave machine

Embedding algorithms to match “logical” and “physica
linking hardware and software

I” qubits:
Probabilistic nature: multiple solutions are typically returned

Solutions: values that correspond to the optimal configuration of
qubits found (lowest points in the energy landscape)

Web API: libraries available for C, Python, and MATLAB

22
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QMI - Quantum Machine Instruction

Interaction between classical components and quantum
annealing core
— Embedding: depends on matrix Q

T ————— Uze D-Wave heuristic embedder - ———-——{ - - 58 - - B
load('dwix adjacency.mat'}:
embedding = sapiFindEmbedding (Q, A):
E ——————————————ee war air
b oW e
T e ;-] e
% Select gquantum chip
% ___________________ LI A L L] o
zolver = sapiSolver|(conn, "DW2X");
1
] G skl e W ‘.

Annealing time

— Select a solution

Number of runs

— Return to the classical component and update design

23



Embedding:

empirical solutions
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Problem (5): how to deal with constraints

Ix=1, ly=1,i=1,...,6; l;; =0, i=7,...,11; (8)

0<Bx<2 L=1-1, (9)
To reduce the optimization problem to QUBO:

(a) Introduce auxiliary variables w1, u2 € {0, 1} to reduce (9) to the equality

loX + 1y + uy = 2. (10)

(b) Introduce penalty functions

2 - 2
Ui(x) =u [l}ﬁ}{ — 1} , Wo(x, up, ug) = wo [lg}{ + Uy + up — 2} .

(c) ldentify “reasonable” values of weights w;, ws to solve the problem

(x/.x_}=arg min (W (x) + Wa(x, up, ug) — As(x,x')]
' ' xeX x'EXy guy,ug o5



Recent activities

Workshop “Quantum computing and its application in drug development”,
George Washington University, March 2017, co-organized by GWU
Department of Statistics, Lockheed Martin and ICON Innovation Center

A session at JSM 2017, July 2017 (Baltimore, MD)
A session at CEN-ISBS 2017 conference in Vienna, August 2017

Scientific Interest Group formed in March 2018 within Statistical Section of
ASA

A session planned at JSM 2018, August 2018 (Vancouver, BC)

26
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Questions:
Sergei.Leonov@iconplc.com
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