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Motivation

Quantum cryptographic communication and quantum key distribution technologies have ma-
tured to a level sufficient for commercial applications. Yet, distance limits impact on their
usefulness. To date, the only realistic proposals for long distance quantum cryptography are
still based on optical systems. The technological challenge is to establish transmission channels
over long distances with a high signal-to-noise ratio using real-world optical fiber settings or
free space. Long distance quantum communication (LDQC) is hampered by a significant loss of
photons with distance traveled. In an effort to overcome these range limits of LDQC, quantum
repeaters [1, 2] or quantum relays [3, 4, 5, 6, 7] have been proposed.

In principle, quantum repeaters enable any distance to be achieved. The basic idea of a
quantum repeater is to split the long distance quantum channel into shorter segments and to
distribute entanglement between the end nodes of these segments. Then, after purifying the
noisy entanglement for each segment, the entanglement is extended over adjacent segments by
means of entanglement swapping [9]. The purification procedure is repeated for the extended
segments, and the whole protocol reiterated until high-purity entanglement is established be-
tween the end points of the channel. A quantum relay works in a similar way as the quantum
repeater, but without the entanglement purification procedure and without quantum memories.
This makes it much more feasible as compared to the repeater, but does not allow achieving ar-
bitrary distances [7]. With both schemes the signal-to-noise ratio can be appreciably increased.
However, experimental realization is difficult as it is affected by a number of imperfections,
including imperfect sources of entangled pairs and imperfect detectors. The impact of exper-
imental deficiencies on the security of a quantum channel as well as on sifted and secret key
rates in quantum key distribution (QKD) is of considerable relevance [8].

Entanglement swapping between photon pairs is a fundamental building block in schemes
using quantum relays or quantum repeaters. Entanglement swapping uses multiple sources of
entanglement along the channel and measuring devices located between sources. Entanglement
can be generated between distant parties albeit at exponential cost with respect to the distance
between the two parties. However, the practical realization of entanglement swapping suffers
from experimental deficiencies due to imperfect entangled-pair sources and inaccurate detec-
tors. Ideally, a photon-pair source would create exactly one entangled photon pair on demand.
Efficient sources of this kind do not exist yet. Realistic sources are probabilistic, generating
photon pairs and occasionally emitting two or even more photon pairs simultaneously. Para-
metric down conversion (PDC) is the most common way to produce entangled photon pairs.
Furthermore, the detectors used to perform the Bell-state measurement are never 100% efficient,
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and they are subject to dark counts. These practical imperfections impair the entanglement
present after entanglement swapping.

In a recent work [10] we have developed a closed-form solution for the actual quantum
states prepared by realistic (i.e. noisy) entanglement swapping, which takes into account ex-
perimental deficiencies due to inefficient detectors, detector dark counts and multi-photon-pair
contributions of parametric down conversion sources. The results are neatly expressed in terms
of hypergeometric functions, and as such are appealing from the applied mathematics point of
view. Predictions of our theory have proved to be in close accord with the result of a recent ex-
periment [11]. Our solution allows to suggest the implications of the imperfections on schemes
using entanglement swapping as a fundamental tool.

Objectives and Impact

The key objective of the proposed problem is to derive the quantum states prepared by a
concatenation of an arbitrary number N of realistic entanglement swappings, i.e. under real-
world conditions. This problem is part of a bigger project, namely, the generation of shared
long-distance photon entanglement between two sites that are spaced further apart than com-
munication channels allow entanglement to be distributed. The goal is to provide an accurate
theoretical modeling and optimization of entanglement swapping protocols under real-world
experimental conditions. A solution of the problem is of particular relevance to research on
long distance quantum communication. It would contribute to the advancements in moving
quantum communication protocols based on quantum relays or quantum repeaters from bare
concepts to real-world technology.

Background

A thorough and comprehensive description of our theory is provided in [10]. No much knowledge
of quantum physics is required to tackle the problem. The basic formalism (mathematical
representation of quantum states, measurements, optical modes and transformations of linear
optics) as well as the notion of entanglement and its importance as a resource for quantum
information processing will be introduced and explained in class.

The basic experimental situation of a single entanglement swapping is illustrated in Fig. 1.
Two parametric down conversion sources emit photon pairs into spatial optical modes a, b, c

and d, where a and b correspond to the first and c and d to the second PDC source. In the
ideal-case scenario, one entangled photon-pair is emitted into the a and b modes and another
one into the c and d modes. For entanglement swapping, a joined Bell-state measurement is
performed on the b and c modes. This results in projecting the remaining modes a and d onto
an entangled state, depending on the measurement readout of the Bell-state measurement. As
a consequence, the photons in the outgoing a and d modes emerge entangled despite never
having had an interaction with one another [9]. The entanglement previously contained in the
a and b and the c and d photon pairs is swapped to the a and d photon pair.

As explained in Fig. 1, a Bell-state measurement consists in combining the b and c modes
at a balanced beam-splitter, then directing its output modes to polarizing beamsplitters (PBS)
and finally detecting the four alternatives cH, cV, bV and bH at four detectors. The readout
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Figure 1: Entanglement swapping of photon-polarization qubits, based on two imperfect para-
metric down conversion sources (PDC) and a Bell-measurement with four imperfect photon
detectors. Four spatial modes are involved, labeled by a, b, c and d. Two modes, one from the
first and one from the second source, are combined at a balanced beam-splitter (B). The exits
of the latter are directed to polarizing beamsplitters (PBS) and then detected at four detectors:
one for the H and one for the V polarization of each of the c and b modes. This set-up forms
a Bell-state measurement. The four detectors are inefficient photon detectors subject to dark
counts. Their readout is denoted by (qrst).

recorded by these detectors is denoted by (qrst).
In a real-world scenario, the PDC sources are imperfect, creating not exactly one pair of en-

tangled photons, but a superposition of alternatives that also includes the vacuum, independent
pairs of photon-pairs, and higher pair-number contributions. Furthermore, the detectors used
to perform the Bell-state measurement are never perfect. They are usually inefficient to some
degree, meaning that they sometimes do not detect existing photons. Moreover, the detectors
are also subject to dark counts, meaning that they may click and indicate a detection event
even if there are no photons incident into the detector. In [10] we have derived a closed-form
solution for the actual quantum states prepared by a single realistic entanglement swapping,
which takes into account these experimental deficiencies.

Our theory and results for a single real-world entanglement swapping can be summarized
as follows. The quantum state prepared by two PDC sources is assumed to be of the form:

|χ〉 = exp
[

iχ(â†
H
b̂†
H

+ âHb̂H)
]

⊗ exp
[

iχ(â†
V
b̂†
V

+ âVb̂V)
]

⊗ exp
[

iχ(ĉ†
H
d̂†

H
+ ĉHd̂H)

]

⊗ exp
[

iχ(ĉ†
V
d̂†

V
+ ĉVd̂V)

]

|vac〉 . (1)

The parameter χ represents the photon-pair production rate of the PDC sources. The larger
χ, the greater are the multi-pair contributions. We model a detector efficiency η by preceding
a perfect, unit-efficiency detector with no dark counts with a beamsplitter with transmittance
η, cf. Fig. 2. We include dark counts by means of a fictitious thermal background source. Dark
counts are taken into account in terms of the dark count probability ℘dc.
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Figure 2: A model for an imperfect detector with efficiency η and dark counts generated by
a fictitious thermal background source. The signal mode and the thermal mode, represented
by the quantum states ρ̂sig and ρ̂T, respectively, meet at a beamsplitter with transmittance η.
One of its exits is directed to a perfect detector (Did), the photons of the second exit port are
discarded. The perfect detector is assumed to be a unit-efficiency photon detector with no dark
counts.

Given an actual detector readout (qrst) of an imperfect Bell measurement with faulty de-
tectors characterized by efficiency η and dark count probability ℘dc, we infer by means of the
principle of Bayesian inference the posterior conditional probability for any readout (ijkl) that
a four-tuple of perfectly ideal detectors would have yielded, i.e., the posterior probability

P
qrst
ijkl (χ, {ην}, {℘dcν}) := p(ijkl|qrst)

≡ p(qrst|ijkl)p(ijkl)
∑∞

i′,j′,k′,l′=0 p(qrst|i′j′k′l′)p(i′j′k′l′)
(2)

The resultant quantum state of the remaining modes a and d after recording the actual readout
(qrst) at the imperfect detectors is the following mixed state:

ρ̂qrst =
∑

ijkl

P
qrst
ijkl (χ, {ην}, {℘dcν}) |Φijkl〉〈Φijkl| (3)

with

|Φijkl〉 =
1√
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− â†

H√
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|0〉 (4)

and

P
qrst
ijkl ( χ, {ην}, {℘dcν}) = f

q
i (χ, η1, ℘dc1)f

r
j (χ, η2, ℘dc2)f

s
k(χ, η3, ℘dc3)f

t
l (χ, η4, ℘dc4) (5)

The functions f
q
i (χ, η, ℘dc) depend on the type of detectors. We distinguish two cases:

(i) In case of photon-number discriminating detectors:

f
q
i (χ, η, ℘dc) ==







tanh2i(χ)(1−η)i−qG(i,q;η,℘dc)
g(q;χ,η,℘dc)

if i ≥ q
tanh2i(χ)η2(i−q)(1−η)q−ibq−i(η,℘dc)G(q,i;η,℘dc)

g(q;χ,η,℘dc)
if q ≥ i

(6)
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with the common denominator

g(q; χ, η, ℘dc) :=
q
∑

i′=0

tanh2i′(χ) η2(i′−q)(1 − η)q−i′bq−i′(η, ℘dc)G(q, i′; η, ℘dc)

+
∞
∑

i′=q+1

tanh2i′(χ)(1 − η)i′−qG(i′, q; η, ℘dc) , (7)

where

G(κ, λ; η, ℘dc) :=
∞
∑

n=0

(

κ

λ

)(

κ − λ + n

κ − λ

)

bn(η, ℘dc)
[

2F1(−n,−λ; κ − λ + 1;
η − 1

η
)
]2

(8)

with

2F1(·, ·; ·; ·) := Hypergeometric function (9)

b(η, ℘dc) :=

[

1 +
1 − η

η℘dc

]−1

. (10)

(ii) In case of threshold detectors (no photon-number resolution):

f “no click”

i (χ, η, ℘dc) = [h(χ, η, ℘dc)]
i(1 − h(χ, η, ℘dc)) , (11)

f “click”

i (χ, η, ℘dc) =

{

tanh2i χ − (1 − ℘dc) [h(χ, η, ℘dc)]
i
}

cosh2 χ − 1−℘dc

1−h(χ,η,℘dc)

, (12)

with the definition
h(χ, η, ℘dc) := [1 − η(1 − ℘dc)] tanh2 χ . (13)

Problem

Consider a concatenation of N basic entanglement swappings under real-world conditions. As
an example, the case N = 4 is illustrated in Fig. 3. To keep the analysis as simple as possible, we
assume the same parameter value χ for all PDC sources, and the same detector efficiency η and
dark-count probability ℘dc for all detectors employed to perform the Bell-state measurements.
Then the quantum state after a single basic entanglement swapping with the actual readout
R = (qrst) of the Bell-state measurement is given by (cf. [10])

ρ̂qrst(χ, η, ℘dc) =
∑

ijkl

P
qrst
ijkl (χ, η, ℘dc)|Φijkl〉〈Φijkl| . (14)

The over-all number of swappings in the iteration is 2N − 1. It is equivalent to the number
of Bell-state measurements, which will in general have different outcomes R1, . . .R2N−1. The
chief problem is to find the quantum state

ρ̂R1,...R2N−1
a1,a4N

(χ, η, ℘dc) (15)

of the remaining two modes a1 and a4N after the iteration, depending on the outcomes of the
Bell-state measurements.
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Figure 3: Concatenation of N = 4 basic entanglement swappings, the number of PDC sources
being 2N = 8 and the number of modes involved 4N = 16. Each basic entanglement swapping
element itself can be regarded as a new source of entangled pairs of photons, preparing a
quantum state of the form (14). The resulting four sources are divided into two pairs, each
of which is subject to a Bell-state measurement and thus a new entanglement swapping. The
outputs may again be viewed as new sources of entangled pairs of photons. Eventually, after
an iteration of several entanglement swappings, the photons of the mode a1 of the first PDC
source and mode a16 of the 8-th PDC source become entangled.

A considerable simplification of the problem is achieved by restricting the readouts of the
Bell-state measurements to a certain type and applying the post-selection procedure. In fact,
for the purpose of entanglement swapping protocols, only certain readouts are important. One
interesting choice would be:

Rj ≡ (qjrjsjtj) =











(1010)
or

(0101)
. (16)

Collaboration

• Dr. Artur Scherer (Postdoc at the Institute for Quantum Information Science at the
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• Professor Dr. Wolfgang Tittel (NSERC/GDC/iCORE Industrial Research Chair in Quan-
tum Cryptography and Communication), University of Calgary
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PREDICTION OF CHEMOTHERAPY DRUG EFFECTS BASED 
ON THE KNOWN CELLULAR PATHWAYS IN VARIOUS 
TYPES OF CANCERS 
 
Proposer: Jack A. Tuszynski, PhD 
                Department of Experimental Oncology 
                Cross Cancer Institute, Edmonton, Alberta, Canada 
 
The current medical treatments for cancer include surgery, radiation 
therapy, gene therapy and chemotherapy. Combinations of these 
therapies have shown to be effective to varying degrees of success. 
The general question: `how can one evaluate and best improve the 
outcome for a patient by changing the application frequency of a 
particular drug or by using a combination of drugs has not been very 
extensively studied yet and it merits significant attention. The 
outcome of a therapy involves two components: benefits and costs. 
The benefits can be measured in terms of the patient survival time, 
or the time to recurrence (disease free survival). The cost can be 
assessed by the severity and frequency of side effects.  
 
There are over 100 cancer drugs and hence a very large number of 
possible drug combinations and possible application schemes can be 
investigated. At the present time treatments are mostly based on ad-
hoc empirical `formulas'. These drugs are designed to affect specific 
bicoehmical pathways, typically of crucial importance to the cell 
cycle. 
The figure below illustrates the action of the various drugs and their 
biomolecular targets of significance to cell cycle progressions. 
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Source: Cell cycle laboratory, L. Meijer, Roscoff, France 

~80 drugs and drug candidates

KEY TARGETS:

 
 
The behavior of cells is governed and coordinated by biochemical 
signaling networks that translate external cues (hormones, growth 
factors, stress, etc.) into adequate biological responses such as cell 
proliferation, specialization or death, and metabolic control. 
Therefore, deep understanding of cell cycle malfunction, especially 
in the progression and treatment of cancer is crucial for drug 
development and their proper administration during therapies. 

Biochemical networks are also concurrent communicating systems. 
Pathways consist of sequences of interactions which sometimes 
affect other parallel pathways. As an example, consider two 
pathways involved in cell division. The Ras- Raf pathway which 
triggers the cell division and the PI- 3K- Akt pathway which keeps 
the cell alive are both triggered by the same growth factor. The 
sequences of interactions in both pathways run concurrently with 
some interaction i. e. Akt inhibits Raf (see below in the next figure) 



 

 

 

 

Each of the biochemical entities can be associated with a particular 
concentration in the cell and the arrows indicate interactions 
between biochemical entities which can either induce, co-express or 
inhibit each other. A complete set of symbols used to describe these 
enzymatic networks is shown below. It included both the types of 
molecules and their interactions. All of it can and should be 
translated into chemical kinetic equations that are simply mass 
action representations in terms of first order ordinary differential 
equations with respect to time. Each biochemical entity’s 
concentration can represent a dependent variable and due to their 
interactions, it is expected that they will form a set of nonlinear 
differential equations. 

 



 

In order to formulate these equations, one has to identify all primary 
chemical reactions taking place. Luckily, there is a generic network 
of interaction pathways known for cancer and it is illustrated below. 
A better quality diagram can be downloaded from the website called 
KEGG. 



 

 

There also exist simplified versions of these diagrams for most types of cancer 
including leukemias, lymphomas, breast and lung cancer, to name but a few. The main 
task in this project is to develop a mathematical framework for these interaction 
pathways in terms of coupled differential equations. This should adequately describe a 
cell cycle for a cancer system that keeps proliferating (i.e. is not a limit cycle). We 
could start with a simple case and build it up to become very general. The most 
interesting part of this project would be to add concentrations of drugs used in 
chemotherapy and simulate their action as inhibiting a particular pathway in a 
concentration-dependent manner. Having built a model with the presence of both 
biomolecules and their inhibitors, one can simulate the action of individual drugs as 
well as their combinations and eventually predict their optimum efficacy, maybe even 
show why some drug combinations are not effective in stopping cancer. 



                                                David Holmgren 
                                             SMART Technologies 
           
A thin axle rotates under the influence of a constant torque.  On one end of the axle is a 
pulley which lifts a cable.  This cable acts to compress a spring, as shown in the diagram 
below. 
 

 
 

The pulley has a shape - a path carved into it - that allows it to collect the cable as the 
spring is compressed.  What is the three-dimensional shape of this path? 
 
 
 



Early Detection of Important Animal Health Events

Dr. John Berezowski, Iqbal Jamal and Project Team

Background

Comprehensive animal health surveillance systems that can quickly identify and characterize important disease

events are essential infrastructure necessary to maintain the security, economic viability and long term

sustainability of livestock industries. Failing to detect incursions of foreign diseases or emergences of new,

previously unknown diseases before they are widely dispersed can result in catastrophic disease outbreaks.

Rapid event detection provides disease control agencies with much needed time to develop and implement

effective control strategies that can have the potential to save the millions of animals and billions of dollars.

Detection of new diseases as they first appear in large, very complex livestock production systems requires very

sensitive surveillance systems. These systems must be opportunistic in nature, collecting, collating and analyzing

data from all available sources, regardless of their domain and disparities in their data structure. Although there

are many valuable data sources available for animal health surveillance there have been few automated event

detection methods developed.

Alberta Agriculture and Rural Development is designing and implementing real time animal health surveillance

systems to support Alberta’s livestock and food production industries. The system, called the Alberta Veterinary

Surveillance Network (AVSN) is an organizational structure for the systematic and continuous observation of

Alberta livestock and poultry, and the collection and analysis of data from many varied sources for the rapid

detection and timely appropriate response to important livestock, poultry and public health events, and the

production and communication of valid information and knowledge about the disease status of Alberta livestock

and poultry.

Anomaly/Abberation Detection

“Anomaly detection refers to the problem of  finding patterns in data that do not conform to expected behavior.”

Methods of “statistical process control have formed the basis for many disease surveillance systems. These

methods are characterized by the estimation of changepoints in a sequence of disease events or a time series of

population rates, or the determination of or application of control limits to the behavior of a system.” There are a

variety of “simple methods available to assist in the assessment of change or ‘in control’ behavior.”  (Lawson

and Kleinman)

Examples include reference value based methods (e.g. CDC method, Farrington method,  Bayesian approaches),

methods inspired by statistical process control control charts (e.g. X-bar et al, Poisson, Cusum, EWMA),

methods of temporal and spatial clustering (e.g. ARIMA, SatScan), rule based methods (e.g. expert systems,

association) that can be applied to numeric, text, image and other types of measurement data.  (Höhle)

In contrast to the “standard” scheme of event detection commonly encountered in the literature where we are

concerned with a single numeric time series, there are several outstanding features which imply the uniqueness

of the environment: 

• Numerous sources of data (e.g., distributed spatially)

• Heterogeneous nature of data. While there might be “standard” time series, there could be sources of

non-numeric data (e,g, textual information, expert judgmental assessments, etc)

• Intensity of streams of data, say data collected on a daily basis versus data 

• Quality of data. As coming from various sources, the data might have some level of credibility and as

such should be treated as having some impact on the detection process.

Preferably, event detection (and detection decisions) is not (should not be) a binary process. Detection should

also occur before the problem occurs (pre-emptive detection). Graphically, we can display this situation in the

figure below (on the left-hand side we see the Boolean output of the detector with its yes-no quantification).
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In a nutshell, we may envision an event detector which can offer a continuous detection signal (warning) on a

basis of which a decision-maker can proceed with suitable actions. The intensity of warning quantified in [0,1] is

a sound indicator as to the potential intensity/confidence

There is another important issue which relates to the diversity of streams of data, their intensity and the quality

of data. Two general strategies could be envisioned (see figure below).
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1. aggregation of detection results produced by individual detectors operating on single streams of fairly

homogeneous data. In this case one while the event detectors could be quite standard one has to be

concerned with a variety of fusion schemes that need to be investigated

2.  construction of a single advanced event  detector which is  capable of handling heterogeneous data,

taking into account their varying quality and diversified usage in the overall detection process. 

Examples of the following methods applied can be found in the attached papers:

• xbar, CDC, cusum,  etc.; spatial; EWMA, hidden markov, network, bayesian



Draft Problem Statement 

Objectives:

◦ Optimize our ability for early detection of important animal health events:

▪ transboundary diseases incursions (known but do not exist in Canada) 

▪ significant changes in existing diseases (known and endemic)

▪ new, never seen before diseases (unknown and emerging)

◦ Subject to:

▪ nature of the data (sparcity, seasonality, noise, other trends, different subsets, cross correlation,

aggregation, ...)

▪ resource constraints (budget, manpower, ...)

▪ ...

Additional Information

Definitions

◦ “Outbreak”

▪ increase in the amount of disease that are manifested by changes in:

• information sought by farmers

• veterinarian visits to farms***

• pharmaceutical sales

• telephone calls between farmers

• reduced number of animals at auction 

▪ varies by the importance/risk of disease (foreign animal versus endemic)

◦ “Early”

▪ varies with every disease

▪ in the number of infected premises/farms (e.g. 5 infected locations for FMD, first x% of farms

on an epidemic curve) not in the time to detect (days)

◦ “Known/Unknown”

▪ we understand the symptoms and how they will present

▪ we do not understand the symptoms or how they will present

▪ ...

◦ “Ability to Detect”

▪ use of temporal, spatial methods (clustering, association, ...) to identify signals with a variety of

data types (numeric, text, image,...) which could represent disease outbreaks

▪ the number of false alarms do not overwhelm the ability to detect true outbreaks and the ability

to investigate each signal

▪ the signals have to be investigated to determine if they are disease outbreaks or not

◦ “Significant Change”

▪ biological

▪ statistical

▪ economic

◦ “Datastream”

▪ count data of affected locations in time and in space (collected by veterinarians on a owner



requested visit, ...) characterized by key variables/dimensions. (e.g. VPS and BSE dataset)

Nature of Datastreams

◦ datasets arrive daily for detection

◦ originate from various data sources

◦ diseases may present differently in one- or multiple- related or unrelated datastreams

◦ there are multiple datastreams per dataset

◦ datastreams are of variable sparcity (low to high)

◦ there are a range of variables per datastream (as in VPS, BSE datasets)

◦ underlying trends (linear growth, seasonal, weekly)

◦ can be aggregated in different ways (e.g. clinical diagnosis/syndrome)

Here is an example of total

cow-calf submissions NOT

subsetted by syndrome or

clinical diagnosis within a xbar

control chart (one of many that

we use).

Data can be subsetted into

various streams as shown

below. The example is the

subsetting of Vetrinary Practice

System  (VPS) submssions by

CC (cow-calf), age group A2,

syndrome S2, clinical

diagnosis D3. Bovine

Spongiform Encephalopathy

(BSE) data is text mined and

processed similarly.

Each subset can then be used

for event detection and, if

warranted, followed up by the

AVSN team.

Algorithms used:

• xbar (in R)

• Spatial (SatScan)

• CDC (in R)

• Network (in R)

• EWMA (in R)

• Cusum (in R)

• Cusum for Poisson

variates (in R)

• Hidden markov (in R)
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