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ABSTRACT OF THE THESIS

Comparison of two models in differentially private

distributed learning

by Liyang Xie

Thesis Director: Professor Anand D. Sarwate

Designing medical systems that can automatically diagnose patient’s conditions from
test data can greatly improve healthcare systems. With the help of machine learning
tools and differential privacy consideration, this system can be made more efficient
and powerful. Empirical risk minimization is a common and useful technique with
which we can obtain a good approximation of globally optimal classifier and thus give
good statistical classification result. Firstly we introduce three models for medical data
learning and two methods for distributed model. Then we compare a novel distributed
classification method which we called the ”feature method” with traditional averaging
method on different real world data sets to gain an insight into their performance and
properties. Next we give analysis on the performance of the feature method under non-
private and differentially private conditions and conduct some experiments to draw
several important conclusions from them. Finally we conclude that the distributed

learning system we recommend achieve the best result among the three models.
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Chapter 1

Introduction

1.1 Owur work and contribution

The contributions of this thesis are mainly in five parts:

Firstly, we introduced several existing differentially private empirical risk minimization
algorithms. We implemented them and gave a short analysis on the basic properties of

these algorithms.

Secondly, we introduced three models (local model, global model and distributed model)
that we use in our experiments. Then we introduced two methods: a traditional ag-
gregation method called average method and a novel method called “feature method”
were introduced and we analyzed their privacy guarantee under the sense of differen-
tial privacy. We gave a theoretical analysis of the feature method in three cases: all
non-private, public-private and fully-private. We showed that how privacy parameter €,

number of points at local sites and other parameters affect the system’s performance.

Thirdly, we tested some interesting trade-off phenomena that widely exist in the dis-
tributed model for differential private empirical risk minimization (ERM) using the
average method and the feature method and gave some explanations for them. These
trade-offs are important because we can set related parameters according to them and
improve system performance. Moreover, these trade-offs gave us an insight into the re-
lations between the parameters and the system. We gave explanations for these results.
Then we compared the average method and the feature method in distributed-setting

under all non-private, public-private and fully-private conditions using MNIST! and

"http://yann.lecun.com/exdb/mnist/



Covertype? data sets. We reached several conclusions in each case about how the pa-
rameters of system (e, number of points at the sites, etc.) and noise affect the final

performance of these two methods.

Fourthly, we compared the performance among local model, global model and distributed
model using the feature method and the average method. We tried to give intuitions

about the benefits of distributed model over other two models by experiments.

Finally we gave final conclusion of our work and future works.

1.2 Application of statistical classification

1.2.1 Statistical classification

Our problem falls into the field of statistical classification. The classification problem
in machine learning has been widely studied and applied in research and industry [1-4].
The goal of classification algorithm is to take an input vector x € R? for some integer
d and assign it to one of K discrete classes Cp where k = 1,..., K. The classes here
are taken to be disjoint, so that each input is assigned to one and only one class. The
input space is thereby divided into decision regions whose boundaries are called “decision
boundaries” or “decision surfaces” [5]. In our research, we focus on binary classification

— a formal model can be found in Shalev-Shwartz and Ben-David’s paper [6].

1.2.2 Medical application

Nowadays diagnosis of diseases benefits more and more from data sharing techniques.
Moreover, data from neuroimaging and genetics is very helpful in improving scientific

reproducibility and in accelerating research progress [7].

But the problem of privacy and risk of re-identification arise when medical information
is shared. Also it involves some ethical and legal aspects, in additional to technical or
administrative issues. Data may not be shared for the following reasons: it may be
easy to re-identify by linking it to public information, it may be some of the particular
characteristics of the patient that make the re-identification easier or the data itself is

not shareable due to laws or administrative regulations [8].

In order to solve these problems, we can use data use agreements (DUAs). However, it
may be easy to handle the agreements but it is difficult and labor costly to fully carry

out the agreements [8].

http://archive.ics.uci.edu/ml/datasets/Covertype



Moreover, DUAs are impractical in some respects. For example, it often takes long time
to negotiate an agreement. It is likely that the data that the researcher has found is not
suitable for their research since the researcher does not know anything about the data
before it becomes available. In addition, the disadvantages of DUAs are intensified in
the case of the distributed systems that we will introduce. Researchers may be required

to handle several DUAs simultaneously, which is however quite painful.

Another way is to share the data derivatives. For example, we can compute a function on
the data set and distribute the function output. In the differentially private algorithms
that we will introduce in Chapter 3, we use randomized algorithms which introduce
noise to protect privacy at the expense of a loss in accuracy. The algorithm outputs the

classifier (data derivatives) of the data points in training set.



Chapter 2

Background and privacy model

2.1 e-differential privacy model

In this section the concept of differential privacy is introduced. Differential privacy
provides a way to quantify privacy risk (using the difference between two probabilities)
so that there is a trade-off between privacy and accuracy, which is different from the

definition of privacy in common sense.

From now on we use || - || as lo norm unless otherwise noted.

2.1.1 Motivation

The work in this thesis is motivated by applications of distributed information processing
to medical research. For example, consider the problem of learning from neuroimaging
data held at multiple sites. If the input of our system is MRI images, each image
can be viewed as a high dimensional vector. Here d is the total number of voxels in
one image. In this case, the input database is modeled as a collection of N patients’
records D = (1, 22,...,2N), where z; is the jth person’s image vector. If these images
are labeled by expert or other methods, the input also contains corresponding labels
L= (l1,ls,...,ly), forming a training set. The training set is used to fit a model that
can be used to predict a “response value” from the “predictors”. The goal of machine
learning is to use the training set to build a classifier to predict the label [ of a future

data point (image) .

These labeled or unlabeled images are private data associated to patients and therefore
are not directly shareable. One way to solve this problem is to use “ad hoc” solutions

such as anonymization of patients’ information. But this approach was proved to be



inadequate to protect against re-identification due to the presence of public side infor-
mation; see Ganta et al. [9]. A famous case is the re-identification of certain users from
an anonymized dataset published by Netflix, which is a provider of Internet streaming
media [10]. The other way to solve this problem is to carry out some operations on the
data before sharing them so that anyone who tries to use or share the output will not
be able to identify individuals. These operations have the property that preserves the
privacy of data, which means only the data derivatives are shared and thus the patients’
information will not be disclosed to an adversary. Here we use the concept of differential
privacy [11]. Differential privacy basically guarantees that an analyst observing the out-
put does not learn too much about any individual’s membership in the database. The
analyst therefore makes few inferences about any individual after his seeing the output
of algorithm. It is also natural to realize this goal by requiring that the adversary’s
prior and posterior views about an individual (i.e. before and after having access to the
database) shouldn’t be “too different” or that access to the database shouldn’t change
the adversary’s views about any individual “too much” [12, 13]. If nothing is learned
about an individual, then the individual cannot be harmed by the analysis [14]. Algo-
rithms that guarantee differential privacy are randomized by adding noise before, during
or after computing functions of data [14, 15]. An algorithm is differentially private if
someone observing the output does not learn too much about any individual’s member-
ship in the database. To protect privacy, the true answer is perturbed by the addition of
random noise generated according to a carefully chosen distribution, and this response

(e.g. the true answer plus noise) are returned to the user.

Differentially private learning has been widely studied, with examples including Chaud-
huri et al. [16], Jain and Thakurta [17] for kernel learning, Thakurta and Smith [18] for
feature selection, Xiao et al. [19] for wavelet transform, Friedman and Schuster [20] for
data mining, Li et al. [21] for optimizing linear counting queries, and boosting methods in
Dwork’s paper [22]. Also, there are a lot of interesting papers that one can refer to which
considering the properties of differential privacy and explain it in various ways [23-33].
A summary of the application of differential privacy in health data is given in Dankar

and El Emam’s paper [34].

2.1.2 A simple example

Imagine an adversary observes some results from a computation performed on a data
set D but does not have access to D itself. The adversary may think two possible
cases: either D or D' was used to get this result. Suppose the result happens w.p.
of 99.99% if we use D (i.e. P(result|D) = 99.99%) but only 0.01% if we use D" (i.e.
P(result|D") = 0.01%). Then one would be very confident that data set D rather than



D’ is used. Thus, if the adversary has complete knowledge of common part of D and
D', he is able to infer more information about the remaining parts from the output of

the algorithm. Differential privacy seeks to prevent such re-inferences.

2.1.3 Mathematical explanation

We denote an algorithm with privacy property by Ap(-). This algorithm is randomized
so that re-identification of the data on the user side is very difficult. From the definition
in Dwork’s paper [11], algorithm Ap(-) is e-differentially private if for any subset of
outputs S:

e “-P(Ay(D") € S)<P(A,(D) e S)<e - P(A,(D") € 5)

for any databases D and D’ differing in a single point. Here the A,(D) and A,(D’) are
the outputs of the algorithm on input database D and D', respectively, and P(-) is the

randomness over noise in the algorithm.

Pathak et al. [35] points out that there are two proposed definitions for adjacent data
sets with the stronger one based on deletion: D’ contains one entry less than D, and
with the weaker one based on substitution: one entry of D’ differs in value from D. And

here we use the weaker one for our research.

As said in Dwork et al. [15], this definition, if written in this way: | log(%ﬂ <e,

is much more stringent than statistical closeness. One can have a pair of distributions
whose statistical difference is arbitrarily small, yet the ratio is infinite (by having a point

where one distribution assigns probability zero and the other, non-zero).

This inequality with ¢ parameter shows that when one data point changes, the output
will not change too much since it is bounded by the original probability (i.e. the output
distribution is closed). More specifically, a user who sees the output and also knows the
common part of these two databases is still uncertain about the remaining person’s data.
Since this holds for any two databases which differ in one data point, each individual in
the database is given a guarantee of this protection [8]. The goal of differential privacy is
that we can let others learn useful things from a group without learning to much about

any individual in the group.

The goal of analyzing statistical databases is to learn something useful. For example,
suppose we learn that smoking can cause cancer. So a man who smokes will have higher
insurance premiums because he is also a smoker. This is true even if he is not in the

database. That is, you can be affected even if you are not in the database. Here our



objective is to learn something from the database. Differential privacy limits the privacy
risk by showing that you will be affected by the learning but will not be further affected
by joining in the database. So this is why we say the output is essentially “equally
likely”. Lee and Clifton [36] discuss the choice of € in detail.

Dwork et al. [15] and Wasserman and Zhou [37] give a stronger version of e-differential
privacy which indicates an algorithm A(B) taking values in a set 7 provides e-differential
privacy if sgp ;ug/% < e where the first supremum is over all measurable! S C 7
and the secon(i one is over all data sets D and D’ differing in a single entry. Dwork’s
definition [15] can be derived from this since we let u(S|B = D) = P(A(D) € S)/P(B =
D) (similar for D') and substitute P(A(D) € S) into Dwork’s definition so that we can
get the right inequality. Then we interchange D and D’ so that the left inequality holds,

too.

Also in another way, we can write the expression of definition of differential privacy in

this form:

supsup p(f = f1lB = D)
s .o i(f = f2| B=D") ~

€. (2.1)

2.2 Empirical risk minimization

Returning to our motivation from neuroimaging, one approach is to use machine learning
to detect illness. That is, we use previously classified images to build a classifier f
that can be seen as a criterion to test further images. Classified images are those
that have been diagnosed by an expert. These labeled images are called training set
D = {(x;,y;) € X xY :1=1,2,...,n} of n data-label pairs. Here x; is the vector of
image corresponding to ith patient and y; is label to show whether he is ill (y; = 1) or he
is healthy (y; = —1). We use D to find a function f(z), we can use this f to find y; by
computing f(x;) where i =n+1,.... So the goal of our system is: to build an accurate,
stable classifier using a differentially private algorithm. Such an algorithm could replace

or assist a human expert (e.g. a doctor).

2.2.1 Loss function

To achieve this goal, we need to measure how good a classifier is. We firstly solve

the problem of building a non-private classifier. To do this we measure the gap between

'f X is a set and F is the sigma-algebra of X. A is a subset of X, then A is called measurable if A is
a member of F. We use “measurable” here because this is a technical consideration for most algorithms
but more mathematically precise.



f(x;) and y; in the training set by using a so called “loss function” which was introduced
by Wald et al. [38]. A loss function is large when the difference between the prediction
f(z;) and actual label is large and vice versa. So it can be seen that a loss function acts

as penalty. Some typical loss functions are shown in Figure 2.1.
FIGURE 2.1: Some typical loss functions

Loss function
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The simplest loss function is the “0/1” loss function. It equals 1 when f(z;) # v
and 0 otherwise. The “0/1” loss function is not widely used in practice because it is
not convex and differentiable. Convex surrogates of the “0/1” loss function are highly
preferred because of the computational and theoretical virtues that convexity brings in.
This is of more importance if we consider smooth surrogates as witnessed by the fact
that the smoothness is further beneficial both computationally — by attaining an optimal
convergence rate for optimization, and in a statistical sense — by providing an improved
optimistic rate for generalization bound [39]. Some interesting discussions about loss

function can be found in Rosasco et al. [40] and Lin [41].

A popular loss function is the hinge loss L = (1 — y; f7z;)*. As long as y; fTx; > 1 the
point x is correctly classified by the classifier f with large confidence and the hinge loss
is equal to 0 (now y; and f”x; have same sign). When y; f7z; < 1, x is either correctly
classified with small confidence 0 < y; fT2; < 1, or misclassified y; fT2; < 0 (now y;
and fTx; have different signs). In these cases the hinge loss is positive, and increases as
1—yifT ;.

2.2.2 Definition of ERM

In supervised learning problems, we have a space of objects X and corresponding label

space Y. Our goal is to learn a hypothesis function f : X — Y which outputs an object



y € Y given x € X. This function can be generalized to future cases (X,Y) ~ Pxy.
Consequently, the output of f depends on the training data D4, and is a random
variable. We assume that there is a joint probability distribution P(z,y) over X and
Y and that the training set consists of m instances (z1,91),..., (Tm, ym) drawn ii.d.
from P(x,y). We constructed this model because it allows us to model uncertainty in
predictions. The label y is not a deterministic function of x but a random variable with
conditional distribution P(y|z) for a fixed z. Based on this, the total “penalty” we pay

for incorrect classification is

R(f) = BlI(f(2).9)] = / I(f(x),)dP(X.Y),

which is also called expected loss. However, we do not know the prior distribution
P(X,Y). So we need an approximation to replace R(f). Here we introduce the em-
pirical risk Repp = 237 I(f(2;), ;). So the whole problem is to choose a function
f(-) that minimizes Rey,p. This is called empirical risk minimization and was introduced
in Vladimir Vapnik ’s paper [42] and analyzed in his book [43]. Also, ERM has been
widely studied in the literature [44-51].

Also, ERM can be used to compute M-estimators [52], a concept in robust statistics
which is obtained as the minima of sums of functions of the data. If we add a regular-

ization term R(-) on Rey,y, to prevent overfitting, we get regularized ERM.

Why does regularization prevent overfitting? Theorem 13.2 to Corollary 13.7 in Shalev-
Shawartz’s book [6] gives an answer to the convex ERM problem with Tikhonov regu-
larization. It shows that intuitively, the regularization term reflects the complexity of
hypothesis. The regularization term is seen as stabilizer of learning algorithm and it ex-
plains the phenomenon that changing a data point in the training set does not affect the
performance of output classifier too much. This indicates how to control the trade-off
between empirical risk and the difference between the true and empirical risk. Lagrange
duality indicates that when we want to find linear classifier f that minimizes ERM with
bounded norm |[|f|| < C for some constant C, we can find f by minimizing the regu-
larized ERM for a suitable choice of Lagrange coefficient A\. We can see from the next
section that we can control the trade-off between estimation error and approximation

error by choosing A instead of C.

2.2.3 Why does ERM make sense?

We need to evaluate the performance of function f(-) by using non-negative real-valued
loss function: L(g,y), which measures how different the prediction § (= f7x in linear

case) is from the true outcome y.
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The Bayes risk is the smallest risk achievable by f: R* := ” inf‘bl fR( f).
atl possiole

Since Pxy is never known to us, we can estimate R(f) by empirical risk. Our goal here
is to find f; that minimizes the empirical risk R, (f) over some class of functions F.
Before we use ERM as our methods to build classifier (function), we should know why

it is a good approximation to the minimum of expected loss.

Basically, there are three parts that make the minimum of empirical risk deviate from
the true minimum of expected loss. The first part is approximation error, which
is denoted by }gjfr R(f) — R* (in some materials, 12; R(f)). Approximation error can
be seen as a measurement of the richness of class F and relies only on the class of
functions. The second part is estimation error, denoted by R(f,) — }gg R(f). Here
fn is a classifier that minimizes empirical risk. Estimation error depends on data and
can be reduced by increasing the training size. The third part is Ry, (fn) — R(fn),
which measures the effect of empirical approximation. It relies on data, too. When
the family of functions, optimization accuracy and number of training sample increase,
Table 1 in Bousquet and Bottou [53] show how it affects these three errors. This kind
of decomposition is introduced in Bousquet and Bottou [53] and analysis in Shalev-
Shwartz and Srebro [54]. Also, there is a trade-off between the estimation error and the

approximation error by choosing a different class F.

The next step is to bound P{sup |R,(f) — R(f)| > €}. The explanation below follows
fer

from Yoonkyung Lee’s lecture notes [55].

Firstly, we can establish a probabilistic bound of the estimation error of the form:
P(R(fr) < ;gjfER(f) +¢€) > 1 — 4. Therefore we can determine how much data we
need to guarantee that the risk of the empirically optimal classifier f;; is within e-bound
of the minimum risk of classifier f in F with confidence 1 —§ without any distributional

assumption on (X, )).

Now we examine the tail probability of R, (f) — R(f). We want to show that given
enough data points (n — oco) P(sup |R,(f) — R(f)| > €) = 0. This shows the empirical
fer

risk is a good approximation to real risk at certain level.

The problem is separated into two cases: the function class F contains a finite number
of elements or an infinite number of elements. The analysis of these two cases are shown

in Lee’s lecture notes [55]. The idea is to use VC dimension to construct a bound of
P(sup |Rn(f) = R(f)] = €)-
feF
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2.3 Geometric explanation of binary classification

2.3.1 A simple example

From now on we focus on the linear classifier (¢ R? for some integer d). A question
arises why the class of linear classifier is appropriate for our classification problem. VC
theory indicates that although the class of linear classifier contains an infinite number
of elements, it has finite VC dimension, which is d 4+ 1 for a classifier of dimension d. So
according to the fundamental theorem of statistical learning [6] (Theorem 6.7), we know

that the class of linear classifiers is PAC learnable and the ERM rule can apply to it.

One way to solve the high dimensional binary linear classification problem is to use the
support vector machine algorithm. There are many good descriptions of SVM [56-58].
Below we just give a simple example of how to solve binary classification. We consider
the d = 2 case, and fixed classifier f = (2, —1), and several points z; = (z;1,z;2),b = 1.
In Figure 2.3.1 we show these data points and corresponding coordinates. All the points
on the right part are labeled +1 and —1 on the left part. The first question is: how to
measure the extent of separation? That is, we want to define a value to measure our
confidence that some points are well classified. Here we use (fz + b)y as measurement.
We can see in the right part the confidence of point (0,0), (1,1), (1,-1), (5,—5) are 1,
2, 4, 16 respectively. The points in the left part (—1,1), (—1,2), (=5,5), (—10,—1) have
confidence 2, 3, 14, 20 respectively, which has a positive correlation with the distance

between data point and separation line. So this quantity satisfies our requirement.

*x+b=2x1-x2+1

f=(1,2)
x2 / 5(5.5)

(-5 5)
N
(21-9)
NI
(-1-1) (11D
L (1)
(O’ﬁ) x1
(-10-1) 1-1)
T AT
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*x+b=2x1-x2+1

p \ x2
57[:/ 0(575)
conf
(11.9)
\T conf
(21 1) (1 1)
6:0) x1
Y| 1) 1 \
S(-1Y,-1) ALy 4)

Now we want to find a line (in higher dimension, plane or hyperplane) to separate these
points. But there are a lot of lines that separate the data given in Figure 2.3.1. We
also need a quantity to measure whether a line is more qualified than other line as the

separation line. One such measurement is n}%x min(fTx; + b)y;. The value of f and b
3

)

is uniquely determined by the dataset. Firstly we compute min(conf) among all data

points, then we compute max(min(conf)) among all the f and b (See Figure 2.3.1).

More specifically, let a be an arbitrary point and let a’ be its orthogonal projection on the
separating line in Figure 2.3.1. We can find through analytic geometry that a = o’ +mf
where m is some real number and f is the normal vector of the separating line (in our

case, m < 0).

11 12
x2
Labels are all -+ Eabelsare all -
X T
%
X
(211 (1 1)
\ L’L \L’J.}
x1
1 )
AL

Suppose now we have a data set and the points in the data set are linearly separable.

The point on the left part has label +1 and the point on the right has label —1. There
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are two parallel lines which we call [; and Iy (See Figure 2.3.1). These two lines go
through two data points separately (the green one and the red one) and there is no
data point between them. It is clear that any line between them can separate these
data points (not necessarily parallel w.r.t the two lines). Suppose that without loss of
generality, the expression of l; is fTo 4+ b= +1 and Iy is fTx + b= —1 and data point
z* is on [; and data point £** is on lo. The joint line from z* to x** is orthogonal to I}
(also l2). From last paragraph we can see that z** = z* + mf. since z** is on I, we
have: f7z**4+b = +1. Plugging the last equation into it we have f7'(z* +mf)+b = +1.

Thus fT2* +b+mfrf = +1 and z* is on l. So m = And now we define the

2
frfe
distance between [; and lo the “margin” and let’s denote it by r. We have: r = ||mf|| =

I ?;J} Il = \/;Tf So our purpose is to maximize \/%, which is equivalent to minimizing
fT f under the constraint of ((fTx+b)y > 1ify = +1 and (fTz+b)y < —1ify = —1).
We call the data points on the lines “support vectors” because the lines are determined
by these points (See Figure 2.3.1). The method we use here is called “support vector
machine”. SVM is a supervised learning models with associated learning algorithms that
analyze data and recognize patterns. There are a lot of literatures about the application
of SVM (and also its variants) for classification problems [59-64] as well as applications

in medical research [65-67].

11 12
x2

Labels-are-all + Labels are all -

Paint
T OlItL a

,
ot
o

x1

The discussion above is the case when the data points are linearly separable. What
about the case of non-linearly separable? Here we introduce “slack” variables &;. This
case is called “Soft SVM” [6]. There are two conditions in this case, the first condition

“misclassification”. In this case &; > 1, like point a in Figure 2.3.1. The second case

is
is “margin violation”, which means the data point is not misclassified but is too close
to the support line (l3), like point b in Figure 2.3.1. In this case, 0 < & < 1. So

the optimization problem changes to minimizing f7 f + C>_ & w.r.t f,b,& under the
i

constraint ((f7z; +b)y; >1—& and & > 0.
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Taking hinge loss function (I = max(0,1 — ¢ * y)*) and homogeneous case (b = 0) as
an example here. As long as yfTz > 1, the data point z is correctly classified by the
function (classifier) f with large confidence and the hinge loss is equal to 0. When
yfTz < 1, x is either correctly classified with small confidence (0 < yfTx < 1), or
misclassified (yf72 < 0). In these cases the hinge loss is positive, and increases w.r.t
1 — yfTx. SVM computes a linear classifier with a large margin and small average
hinge loss on the training set. If a point (x;,y;) is correctly classified by f with large
confidence, then (1 — y; fTx;))* = 0. If this is not the case, then (1 — y;fTx;))* > 0

increases with the distance from x to the correct half-space of large confidence.

Finally, SVM requires both large margin (i.e. small || f||) and small misclassification rate

on the testing dataset, so we have to solve the minimization problem:

1 n
argmin§||f|]2+CZl(yi,fTa:i), (2.2)
f i=1

here C is a parameter to have a trade-off between regularization term and error rate.

This is a convex optimization problem and can be solved by the method of Lagrange

multipliers in Chapter 5 in Boyd’s book [68].

2.4 Logistic regression

Logistic regression is another prediction method used for in binary classification. The
goal of logistic regression is to model the conditional probability P(Y = 1|X = z) as
a function of z. Let p(z) = P(Y = 1|X = z). The idea is that we need to design a
function g that takes the result of linear classification as domain: p(z) = g(f7z +b) —
g l(p(x)) = fTx +b. We can see that the domain of g should be unbounded and
the range should belong to (0,1). Instead of choosing g, we try to choose a suitable

g~ !. The Logit transformation log turns out to be a good choice of g~!. So letting

9~ (p(z)) = log 1355213)’ we have the following:

P
1-p

Definition 2.1. (Logistic regression in binary linear classification)

p(z; f,b) = (2.3)

1+ e~ (fTztb)

The logistic function ﬁ is shown in Figure 2.2.

It can be seen from Figure 2.2 that to minimize the misclassification rate, we should

predict Y =1 when p > 0.5 and Y = 0 when p < 0.5. This means guessing 1 whenever
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FIGURE 2.2: Logistic function
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fTz+b is non-negative and 0 otherwise. So logistic regression produces a linear classifier.
The decision boundary that separates the two predicted classes is the solution of f%x +

b=0.

But another question is: how can we apply the logistic regression to our binary classifi-

cation problem? Taking the homogeneous case (b=0) as an example, we have

Ply=1 v 2.4
(y = |f7~’c)—ma (2.4)
1
Py =0lf,z) = [k
Rewrite the equation (2.4) in this way:
, . e(fT2) )
(y = ’fﬂ’)—m (2.5)
_ 1
_ 1
- e(—fTz) +1
1 ]

@(_yfTif) +1 Iy:l

and similar for P(y = 0|f,z). So we unified the two forms to one single equation by

integrating the label with the classifier:

1

P(y = +1|f,z) = T3 T

(2.6)

and this is the form that we use in the following chapters.
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Using the analysis in Section 4.4 in Hastie et al. [69], we want to solve the following

optimization problem in order to find the optimal classifier f
mazximize I(f) = Z log P(yi|f,zi) = — Z log(1 + e(_yime")). (2.7)
This is an ERM problem with following loss function:
P(z) =log(l+e 7). (2.8)

And we call this function the “logistic loss”, which is a convex and differentiable ap-

proximation to 0-1 loss.

2.5 Optimization method

Mathematical optimization (mathematical programming) is the procedure that choose
the best solution to math problem under certain constrains. The theory of optimization
is becoming a more and more important mathematical as well as interdisciplinary area,
especially in the interplay between mathematics and many other fields like biology,

computer science, engineering and economics [70].

Mathematical programming contains a lot of aspects such as: convex programming,
integer programming, nonlinear programming and stochastic programming. Antoniou
and Lu’s book [71] provides a lot of practical algorithms to solve these problems. The
problem we deal with here is called “convex optimization”, which is the most important
issue in mathematical optimization due to its wide applications. Convex optimization
deals with the problem of minimizing real, convex functions over convex set. We will
see that the convexity of objective function guarantees that any local minimum must
be a global minimum and thus guarantees the unique solution. For a comprehensive

introduction to convex optimization, please refer to Boyd and Vandenberghe’s book [68].

Usually there is no analytical formula for the solution of convex optimization problems,
but there are very effective methods for solving them like interior-point methods. We
often use software package to get numerical solution. The optimization solver that we
use in Scipy function “minimize” is Nelder—-Mead method, which is a nonlinear well-
defined numerical method that does not use derivatives. This method was proposed in

Nelder and Mead [72] and its converge rate is analyzed in Lagarias et al. [73].

We cannot yet claim that solving general convex optimization problems is a mature
technology, like solving least-squares or linear programming problems. Research on

general nonlinear convex optimization is still a very active research area. But it is
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reasonable to expect that solving general convex optimization problems will become a

technology in the near future usable by non-specialists.
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Chapter 3

Algorithms

In this chapter we describe three typical differential private ERM algorithms and some
comparisons between them to show how differential privacy affects the performance
of these algorithms. We describe privacy guarantees (these algorithms indeed protect
user’s privacy in a differential private way) and utility guarantees (they are non-trivial
even adding noise and controllable through parameters). Alvim et al. [74] proposed an
information-theoretic framework to reason about both information leakage and utility.
They also proved that e-differential privacy implies a tight bound on both the information
leakage and utility. Some other ideas of differentially private perturbation methods are

mentioned in Sarwate and Chaudhuri [75].

We also implemented algorithms in papers like Jain and Thakurta [17], Kakade et al. [76]
. We just give references here rather than introducing them all. All python code can be

found in Github link https://github.com/xieliy.

3.1 Output perturbation

Output perturbation is the simplest algorithm we used here, which was introduced in
Chaudhuri et al. [77] and proof details can be found in Chaudhuri et al. [78]. The

algorithm is shown below:

The intuition of Output perturbation 1 is well understood: “private classifier = classifier
+ noise”. An easily understandable example is that imagine you walk on a street and
listen to the people around you talking and laughing. If you hear that they speak in
English, you are much more confident that you are walking in a street in US rather
than in Japan. The reason is that P(people talk in English|in US) = 99.99% and
P(people talk in English|in Japan) = 0.01%. So given the fact that what you heard is


https://github.com/xieliy
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Algorithm 1 Output perturbation [78])

Require: ||z;|| <1, y; € {—1,+1}. Data set D is drawn i.i.d according to P
Inputs: D, ey, A.

Steps: 1.Draw a noise vector b w.r.t density ée*m‘b” with parameter § = ngﬁ (see
Section 3.3 for details)

2.Compute fpriy = argming Jg(f, D) +b

Output: [y

English (output of algorithm), you can immediately decide the database it correspondent
to (country). If we add noise on the words before they come to your ear, that is, “what
you heard = talk + noise”, you are not that sure which language they use. Now the
situation may become: P(people talk in ?77|in US) = P(people talk in ??7|in Japan) =
50%, which means you can hardly figure out which country you are in and thus hide the
information of database. Note that this property are also affect little even some of the

people remove from the database (become silent in street).

Theorem 3.1. (Privacy guarantee, Theorem 6 in Chaudhuri et al. [78]) If R(-) is
differentiable, and 1-strongly convex, and l(z) is convex and differentiable, with |I'(z)| < 1

for all z, then Output perturbation 1 is e,-differentially private.

Theorem 3.2. (Utility guarantee, Theorem 15 in Chaudhuri et al. [78]) Let R(f) =
3I1f112, and let L(fo) = m}n L(f)=L"*, and let § > 0. Ifl(2) is convex and differentiable
with [I'(2)] < 1 and U'(2) is c-Lipschitz. Then there exists a constant C s.t. if the

o _ 2 1o (1 log (4 2100(4)c3
number of training samples satisfies n > C max 1ol QOg(‘s) Iolllog(5)d I oll Og(5)c2d>,

) Y 3
€5 €g€p 5
(Eg €p

then the output of Output perturbation 1 satisfies P(L( fpriv) < L* 4+ €4) > 1 —26.

3.2 Objective perturbation

Objective perturbation is introduced in Chaudhuri et al. [78]. It has a significant im-
provement in performance compared with Output perturbation 1. The algorithm is

shown below:

Theorem 3.3. (Privacy guarantee, Theorem 9 in Chaudhuri et al. [78]) If R(f) is
doubly differentiable and 1-strongly convex. If l(z) is convex and doubly differentiable
with [I'(2)| <1 and |I"(z)| < ¢ for some constant c. Objective perturbation method 2 is

ep-differentially private.

Theorem 3.4. (Utility guarantee, Theorem 18 in Chaudhuri et al. [78]) Let R(f) =
sI1F112, and let L(fo) = mfin L(f) = L*. Ifl(2) is convex and doubly differentiable with

[I'(2)] <1 and |I"(2)] < ¢ for some constant c, then there exists a constant C' s.t. if the
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Algorithm 2 Objective perturbation [78])

Require: ||z;]| <1, y; € {—1,+1}. Data set D is drawn i.i.d according to P
Inputs: D,e,, A, c

Steps: 1.Set parameters: €, = ¢, — 2log(1 + ;%)

If €, > 0, then A =0, else A = —— — A and ¢, = ¢,/2.

n(e® —1
2.Draw a vector b with density v(b) = ée‘ﬁﬂb” with 3 = €,/2 (see Section 3.3 for
details).
3.Compute fp;y = argming (JR(f, D)+ %be + §A||f||2)
Output: [y

H*s )

~—

b )
9 €g€p €g€p

2 1 2 da
number of training samples satisfies: n > C max (”foll ;fg(é) Ifoll" ”f0||log(5)d>, then

the output of Objective perturbation 2 satisfies P(L(fpriv) < L* +¢€4) > 1 — 26.

The proof details can be found in the paper.

3.3 Noise generation

One tricky part of implementing of above algorithms (and possibly will be frequently
encountered later) is the generation of noise from the distribution
v(b) = le*ﬁl‘b”. (3.1)
!
Let’s firstly look at the properties of this density function. We observe that if b, b’ are
two vectors with ||b|| = ||b/||, then the densities at b and ¥’ are the same. Therefore, we

firstly give the direction according to uniform distribution and then sample the norm

||b]]. These two procedures are independent with each other.

Firstly we generate a vector U which direction is uniformly distributed, in which U =
Uniform(z). In order to normalize the norm, the result should be like U = x/|z||.
Now the problem is to find the distribution of z. Because we want the direction to be
uniformly distributed, the shape of density function should be symmetric when rotating
w.r.t to its axis. This reminds us of the multivariate Gaussian distribution. So we
generate a vector r ii.d w.r.t N(0,1). The joint distribution of r; (let’s denote this
by X = (ro,...,7rs) is a multidimensional normal distribution with X ~ N(0, [,,).The

density of X is as follow:

f(z) = e 2 . (3.2)
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It can be seen that this distribution function makes sure that the density is uniquely
determined by norm and the directions are uniformly distributed. We can normalize the

vector to make the norm 1 after generating the data.

Then the second step is to generate the norm. According to Lemma 17 and the discussion
at the end of Lemma 16 in Chaudhuri et al. [78], the distribution of ||b|| is a Gamma

distribution:

1 xd-le—ab
: (d’ ﬁ) ) = a/paray (3.3)

here d is the shape parameter and % is the scale parameter.

Practically, we can also draw the norm from Erlang distribution instead of Gamma

distribution

d..d—1 —Bz
Erlang (d, 8) (z) = %, (3.4)

with parameter d and 8. Note that the Erlang distribution is the sum of d exponential

distribution random variables.

d—1,-b3
Let ||b|]| = b, we have p(b) = (ﬁ/ﬁ)idl“@i)‘

Algorithm 1 and 2 in paper Chaudhuri et al. [78] is a function of other parameters.

d is the dimension of data. The parameter § in

In the implementation of algorithm, we generated a vector according to the first step.
Then we generated the norm according to second step. We multiply them to get the

noise vector.

3.4 Experiments and analysis

Before we run the Algorithm 1 and 2 on data set, we use PCA to reduce the dimension of
data and running time of the algorithm while keeping the information of original data.’

For details of PCA, please refer to Appendix A.

We use the Python programming language to implement these two algorithms (and all

the experiments that follows).

Firstly, we compare error rate w.r.t privacy parameter €. The result is shown in Fig-

ure 3.1:

Analysis: From Figure 3.1 it can be seen that the performance in non-private case is

better than objective perturbation, which is better than output perturbation. The first

!Empirically, running time of algorithm is proportional to the dimension and number of data point.
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FIGURE 3.1: DP-ERM with logistic loss, e(e,m = 8678, A = 0.01) vs ¢, € is from 0.025
to 0.375 with step 0.025, run the whole system 20 times for fixed e and plot with error
bar.

inequality is easy to see because adding noise makes the output classifier deviate from
the optimal classifier computed from non-private case. This optimum is unique for any
data set due to the fact that the problem is strongly convex (see Definition B.2). The
second inequality comes from the comparison between Theorem 3.2 and Theorem 3.4.

Dividing the third term

1
1 foll?log(§)c2d
3
€5 €p

of n in Theorem 3.2 by the second term (%) in Theorem 3.4 we get the result

log(%)d

1

1
5 1
€gC2

Here the parameters § € (0,1) and ¢; < 1 are based on the assumption in Chaudhuri

et al. [78]. Parameter ¢ < 1 because we have the assumption that [I'(z)] < 1 (see

d
Definition B.4). So the value of expression logl( 51)d is much greater than 1. On the

Il
€gC2
assumption that dominating term in the sample requirement for objective perturbation

has a better dependence on || fo|| and Zlg , we have the conclusion that output perturbation
needs more data points to achieve same performance as objective perturbation. Since
using manpower to gather and correctly label data points can be very expensive [79],
reduction in the size of training set is a great improvement in medical systems and other

commercial applications. Intuitively we can say that Algorithm 2 performs better than
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Algorithm 1 because Algorithm 1 adds noise directly to the result, whereas Algorithm 2

optimizes after adding noise.

The Figure 3.1 also shows the most significant characteristic of a differentially private
system: error rate and noise variance decrease with the increasing of the privacy param-
eter e. This is clear because we generate the norm of noise vector according to I'(d, %)
and [ is always proportional to €. So large € means higher probability (the shape of
distribution is more concentrated around its mean: 0), the noise is small and thus the
classifier is less affected, resulting in lower error rate. From the definition of differential
privacy, larger € means the restriction on the database imposed by neighbor database
is small. When ¢ is very large, the restriction on the database imposed by neighbor
database is out of the range 0 < P(A(D)) < 1 which is trivial. Note that as long as
there is noise, it will not be possible that the performance of private learning can be the

same as the non-private case.

We also implemented the algorithm with the Huber loss function, an approximation to
SVM. Huber loss is defined as follows:

[0 if z>1+h
Huber(z):{ F(14+h—2)2% if [1-z2[<h (3.5)
\1_2 if z<1-—h.

Here h is the “Huber constant”, which controls the shape of function. Observe that
the Huber loss is convex and differentiable, and piecewise doubly-differentiable but not
globally doubly differentiable. A class of Huber loss functions with different Huber
constant is shown in Figure 3.3. One experience indicates that if other factors remain
unchanged, the smoother the loss function is, the lower the error rate will be. This
is only an empirical claim, we can see that for two convex functions fi(z), fo(z) with
B-smooth constant §; and o, respectively (See Definition B.5). If f; > (2 then with
same change in their domain Az, A(V fi(z)) > A(V fa(z)), which means if image the
shape of fi(z), f2(x) as like a bowl, fi(z) has a sharper change. If fi(z), fo(x) represent
our two objective functions with hy < hg, we can see that with sharper shape (gradient
changes more rapidly), the minimization procedure has more difficulty in finding the
minimizer with same searching steps (accuracy). So this is the reason why the claim

only holds most of the time.

This experiment’s parameter settings are the same as those for Figure 3.1. The result

is shown in Figure 3.2.

Then we compare error rate w.r.t number of points in training set. The result is shown

in Figure 3.4:
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e vs e using MNIST data set
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FIGURE 3.2: DP-ERM with Huber loss, e(e,m = 8678, A = 0.01,h = 0.5) vs ¢, € is
from 0.025 to 0.375 with step 0.025, run the whole system 20 times for fixed € and plot
with error bar.
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FIGURE 3.3: Huber loss

Analysis: From Figure 3.4 it can be seen that the performance is generally improved
when we have more data samples. This is true because we have a minor generalized

error R(f) and w.h.p. we should also have a low error rate on testing set.

Finally we conducted an experiment on how regularization term A affects the perfor-
mance. In Section 2.2.3 we have argued that there is a trade-off between estimation

error and approximation error. If we enrich the function class F (like increasing the
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e vs e using MNIST data set
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FIGURE 3.4: DP-ERM, logistic loss, e(m,e = 0.1,A = 0.01,h = 0.5) vs m, m is from
1735 to 8677 with step 1735, run the whole system 20 times for fixed m and plot with
error bar.

radius of Euclidean ball from which our classifier comes), the approximation error de-
creases (hence estimation error increases) since we have more functions to choose from.
Note that in regularized empirical risk minimization, approximation error depends on
the regularization term A since we cannot control the size and shape of constraint di-
rectly. This parameter plays a role similar to that of the complexity of the hypothesis

class: decreasing A can reduce the approximation error.

DP ERM, Lambda vs accuracy trade-off with logistic loss)
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4 non-private Ir
— 4 output peturbation Ir

04l +—t objective peturbation Ir | |
@
e
2 03} |
[
c
]
g
2 02) %
o
[}
2
=

0.1h 1

0.0 . . . . . . . .
0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010
Lambda

FIGURE 3.5: DP-ERM, logistic regression, e(A,m = 8678,¢ = 0.1) vs A using '37’ in
MNIST dataset, A is from 100 to 10~'3 with ratio 0.1, run the whole system 20 times
for fixed A and plot with error bar.



26

Analysis: from Figure 3.5 it can be seen that when the regularization parameter A
increases, the error rate comes down and becomes steady after 0.007. So that is the
reason why we make A be 0.01 (corresponding to the lowest error rate) in experiments
using MNIST data set. This gives us the hint that we need to choose a good A value

before we use regularized ERM to conduct any experiment.

3.5 Generalized objective perturbation

Kifer et al. [80] also discussed a privacy preserving objective perturbation. This method
guarantees (e, §)-differential privacy (Gaussian noise) and can be used for function with

weaker properties than Algorithm 1 and Algorithm 2.

Algorithm 3 Generalized objective perturbation [80]

Require: Problem domain F' C R? is closed and convex. 7: convex. [(-,-): convex
with continuous Hessian matrix whose eigenvalue is less than A and | VI(f, (z,y))| < ¢
for all f and (z,y) belong to domain. ||z;|| <1, y; € {—1,+1}, data D are drawn i.i.d
according to some unknown probability distribution P.
Inputs: D, A > %,6,5.
Steps:
If require e-differential privacy then:

draw noise vector b € R? w.r.t density v(b;e, () = éeiﬁ%.
else if require (¢, d)-differential privacy then:

draw noise vector b € R¢ w.r.t density v(bye, 0,¢) =N (O, MQ%HE)ICIM).

€

end if
Output: fy.;y = argming L(f,D) + L+ AFlI2 + LpTf where L(f,D) =

LS 1(F (@), i) o1

Theorem 3.5. (Privacy guarantee, Theorem 2 in Kifer et al. [80]) The first case of Al-
gorithm 3 is (e, 0)-differentially private and the second case is (e, 0)-differentially private

if they meet the requirements.

Theorem 3.6. (Utility guarantee, Theorem 4 in Kifer et al. [80]) Under the requirements

of Algorithm 3, we have for the first case of algorithm, setting A = © (Ciﬁ(}ﬁd), we have

E | J(fpriv: D) — f(f;D)] -0 M‘“Ogd) . (3.6)

€n

For the second case, setting A = © ell7l

\/<2dlog(}g>>

¢l f11\/¢2dlog(2)

B [J(fprivi D) = J(f; D)] = © - , (3.7)
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where J = L(f, D) + Ly and f = argmin J.
We compare error rate w.r.t privacy parameter €. The result is shown in Figure 3.6:

o é’rivate Convex ERM, Epsilon vs accuracy trade-off with SVM loss)

4 objective peturbation SVM
t+—¢ generalized objective peturbation SVM
05} #—4 non-private SVM 1

o
B

o
()

Misclassification error rate
o
w

i

0.00 005 010 015 020 025 030 035 040
Epsilon

FIGURE 3.6: Private Convex ERM, e(e, m = 8678, A = 0.01) vs € using ’37’ in MNIST
dataset, € is from 0.025 to 0.375 with step 0.025, run the whole system 20 times for
fixed € and plot with error bar.

Analysis: In our implementation we need to first compute upper bound of norm of

gradient { and upper bound on the eigenvalues of Hessian A\. We have

IVICE, (@)l = 1(f, (@)l ly]
< (£, (z,9)]

<1

since we use Huber loss function. So we set ¢ = 1. For Hessian, the (i, j) off-diagonal

entry is I”(f, (z,y))zz;y*, whose norm [I”(f,(z,y))ziz;jy?| < 5. Diagonal entry is
U(f, (z,y)x2y® + I'(f, (z,y))y. Thus is absolute value is bounded by Q—Ih + 1. So using

the fact that A < \/tr(HTH) = />, ;|Hi|?, we have

1 1
< 2 _ 2 2 '
)\_\/(d d)(2h) +d(2h+1) (3.8)
and we set A = % +d(1+ #). The result demonstrates Theorem 3.6. Seeing from

right part of these two equalities in Theorem 3.6, case 1 is:

¢llflldlogd
€N

d
T o TA T T log d,
ClIFlly/¢2dlog(}) log 5

en
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which is an amount that is usually greater than 1 considering the practical case. So the

performance of generalized case is better than normal case. The same as case 2.

Now we have introduced three typical differentially private ERM algorithms. We can see
that all of them are designed to use only one data set, which is a disadvantage when we
need more data to get better result. So we start considering how to construct a learning
system that can merge the results from multiple data site. We can either combine
the data from different sets in some way or combine the data derivatives (for example,
classifier). Figure 3.7 shows us a general distributed learning system. A distributed
learning system can be seen as a “two level” learning system. The second level of
learning try to find the optimal global result by combining all the information from
local sites and ancillary information. In Chapter 4 we will see two kinds of combination

method that can take advantages of the information from local data sets.

local site 1 [FSreiiiiires Information from -
. Ancillary
set 1 local sites - A
information

-~
e Trainin -
local site i ! e Info .
seti || ~

S ~ Combination
- method

Testing set

-
) Trainin ~
local site N = ./
setN g

FIGURE 3.7: Two level learning system
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Chapter 4

Distributed learning in ERM

4.1 Introduction

In this chapter we turn to the distributed setting, in which our goal is to learn from
multiple databases. Our motivating application here is to learn from medical data,
which is often distributed among different hospitals and research institutes around the
world. Researchers want to take advantage of these data to enable better predictions.
For example, they may want to have better performance in classifying healthy and sick
patients. Due to privacy concerns and legal restrictions, we are not allowed to store and
analyze the data on a single machine. Collaborative algorithms have been developed in
order to satisfy this growing appetite for distributed processing, and parallel machine
learning has been well studied (see Bekkerman et al. [81]). Several technologies such
as Map-Reduce [82], Hadoop [83] and Spark [84] have become popular standards for
big data analysis. Here, we show that aggregating private computation across many
sites may lead to more accuracy than learning from a single local site under the same
conditions (privacy level, regularization term, etc), even though each local computation
is made less accurate to protect privacy. Although guaranteeing no privacy at local sites
is incorrect in practice, it provides a baseline against which we can measure. It can
be seen that the non-private case is an extreme case of private case (as the noise goes
to 0). We refer to the individual medical centers as “local site(s)” and the
center attempting to learn or combine the classifiers from local sites as the
“aggregation site”. The distributed setting we use here was also studied in Sarwate et
al. [8] and Potluru et al. [85]. Similar distributed optimization models, not incorporating
privacy, have been studied by several authors such as Shamir et al. [86], including Zhang
and Xiao [87] based on an inexact Newton method, Zhang et al. [88] for parametric

smooth convex optimization problems, McDonald et al. [89] based on the conditional
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maximum entropy model, Zinkevich et al. [90] and Han et al. [91] for gradient descent,
Duchi et al. [92] and Zhang et al. [93] in a information theoretic framework and Huang et
al. [94] and Ji et al. [95] incorporated differential privacy concern in distributed logistic
regression (see also paper Zhang et al. [96], Zhang et al. [97], Rosenblatt and Nadler [98],
Tsianos et al. [99] and Seeger et al. [100]).

In this chapter we firstly introduce three models: local model, global model and dis-
tributed model. Then we give an introduction to two aggregation methods: a tradi-
tional model named “average method” and a new approach that we called the “feature
method”, which was described in Sarwate et al. [8]. Next we show the privacy guarantees
of these two methods in distributed model. Finally, we conduct mathematical analysis

of the feature method.

4.2 Three models

Here we introduce three models: local model, global model and distributed model,
which are used in the following sections and chapters and are also widely encountered

in distributed learning problems.

The Local Model, shown in Figure 4.1, represents the case that we use the data only
in our hand and do not borrow any data or data derivatives from other sites. The
advantages are: the local model is economical and there is no need to deal with out-
side information. But the disadvantage of it is also clear: a good performance can be

guaranteed only if the data set is large enough.

The Global Model, shown in Figure 4.2, is the case that there is no privacy issue.
Researchers can feel free to merge all the data they can get and treat them as a whole.
The global model is an ideal case since algorithms can access to all data directly. This

4

is sometimes called a “pooled analysis.” However, the global model is not practical due

to privacy considerations.

The Distributed Model, shown in Figure 4.3, represents the most common situation
we are confronted with. The aggregation site wants to take the advantages of data
from other sites. Each local site computes its own classifier (possibly using different
algorithms) and the aggregation site combines them by using some methods. One way
for aggregation is to simply average the local classifiers, in this case, we ignore the
aggregation site or treat it as a local site. Another way to aggregate classifiers is to use
local classifiers to transform the aggregation set into a new set. Then we use this new

set to compute a classifier so as to classify the testing set. These two ways are called
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FIGURE 4.1: Local model

Combine all local sites
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FIGURE 4.2: Global model

the “average method” and “feature method” respectively. We will see how they work in

the following sections.

4.3 Average method and feature method

In the last section, we mentioned two aggregation methods that we are going to apply in
distributed model. These methods are described in Algorithm 4 and 5. Their concepts

are very similar to boosting, which takes the advantages of weaker classifiers [101, 102].
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FIGURE 4.3: Distributed model

The average method 4 is commonly used in distributed learning. It can be seen as the
best unbiased estimator of f* since local classifiers f1,--- , fy are i.i.d if all variables are
the same from site to site (since data points are i.i.d) and E[f] = + Zfil E[fi] = E[fi]
(a close analogy of this is the scalar random variable). Intuitively, the average method

treats the importance of each local site equally.

The feature method 5 describes a new way to deal with distributed learning. It uses a
“two-level” structure (local sites-aggregation site) to learn the overall output classifier.
Instead of treating the local classifiers equally (average method), the feature method
decides the importance of each classifier according to the data points at aggregate site.
We will see this mechanism in the following sections and in Chapter 5. It reflects
the character of distribution of data points at each local site (they are from the same
unknown distribution P, though), so that is the reason why we call this method the

“feature method”.

Algorithm 4 Average method in distributed model

Inputs: Data sets D; and corresponding algorithms Alg;, i =1,--- , N.
Steps: 1. Compute classifiers of local sites: f; = Alg;(D;),1=1,--- ,N
2. Average these classifiers: f = ]—{, ZZ]\LI fi

Output: Combined classifier f.

Note that in Algorithm 4 and Algorithm 5, the algorithms (Alg;) that used at local
sites or aggregation site can be non-private ERM, output perturbation and objective
perturbation we mentioned in Chapter 3 or any other classification algorithms, as long

as they all compute linear classifiers with same dimension in R?. Because the aggregation
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Algorithm 5 Feature method in distributed model

Inputs: Data sets D; and corresponding algorithms Alg;, i = 1,--- , N, aggregation
site Dy and corresponding ERM objective function Jg(w,-).

Steps: 1. Compute classifier of each local site: f; = Alg;(D;)

2. Stack these classifiers into a matrix M; whose ith row is the classifier fF

3. Transform each data point at the aggregation site Dy to form a new aggregation
site Dy, where each point z; at Dy is: x; = M FT;

4. Compute classifier using the new aggregation site: wy~ = argmin,, Jr(w, DIO)
Output: Classifier fy~ = MfTwZ.

site does not need to access to the original data, the local sites may also use different

methods to train their classifiers.

4.4 Privacy guarantees for the two methods

In this section, we discuss privacy guarantees in distributed learning. We focus our
attention on different ways of adding noise — the average method and feature method —

and how they protects privacy.

4.4.1 Average method

There are two ways of adding noise in the average method. The first one adds noise at
local sites only and then perform the averaged classifier on the testing set directly. The
other one trains classifiers non-privately at local sites and then adds noise to the output
classifier before evaluation on testing set. These systems are shown in Figure 4.4 and
Figure 4.5.

Our conclusion here is that these two scenarios preserve differential privacy w.r.t each
local site. Nissim et al. [103] mentioned sample and aggregate framework and the average
method and the feature method can be seen as the implementation of this framework

with aggregation function equal to averaging function and ERM procedure, respectively.
For the first case, we use post-processing property of differential privacy.

Proposition 4.1. (Proposition 2.1 in Dwork and Roth [14]) Let M: NXI — R be a
randomized algorithm that guarantees (e, 0 )-differential privacy. Let f : R — R’ be an
arbitrary randomized mapping. Then fo M : NXI - R s (€, )-differentially private.

Notice that |X| here can be seen as the number of images that possibly appear. Take

the MNIST data set as an example, a data point in this data set is represented by a
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FIGURE 4.5: Average method, scenario 2

28 x 28 = 784 pixels image where the depth of each pixel is 256 (unsigned type). This
means |X| = 256", So N IXI represents the data set as a histogram. For any data
set z € NI 2, represents the number of points equal to a specific image 4, where
i=1,---,25678,

Using the notation in the average method 4, Alg;(D;) represents the procedure that
applies differentially private algorithm ¢ at local site i (M in Proposition 4.1), and f is a
deterministic mapping Alg;(D;) — (3 i f)+Algi(D;)), using Proposition 4.1 it can
be seen that the result preserves differential privacy. Then if we choose a deterministic

mapping w.r.t every local site, the result will preserve privacy w.r.t each of them.
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For the second case, if we use output perturbation method 1 after averaging the classi-
fiers, then the analysis here is the same as Theorem 6 in Chaudhuri et al. [78]. One thing
needing our attention is that our output is f = T{/ Zf\i 1 fi + b, where f; = Alg;(D;), is
the non-private classifier ¢« computed from local site i. Using the analysis from Theorem
6 in Chaudhuri et al. [78] we have

! ’ 1 =4 - 1 I 2
bl|l—=1o||<|Io=0|==If —fll==If — fill £ ——. 4.1
ol = 11 < 16 =81l = 15 = 7 = 175 = £l < 5oy (11)
Here fZ/ is the non-private output of local site ¢ which changes one data point and n;
is the number of data points at local site 7. In order to protect this site’s privacy we

should have

P(f1D:) _ v(b) _ - o)) < ey (4.2)

= = e 2

So we should generate noise with parameter 8 = NT“TAEP instead of 8 = n’é\e” , which
means we need less noise to protect privacy here. Thus in this case, for noise with same
magnitude, average method in distributed setting provides more privacy for each local

site than the local model.

In a scenario where we average classifiers learned non-privately at each site (the all
non-private case), if we change any data point at any site, the output is almost surely
different. Therefore the adversary will know which data set we have used based on the
results. Using the Definition 2 in Chaudhuri et al. [78] we have % =1=00>¢%
for any fixed €.

4.4.2 Feature method

The feature method is mentioned in Sarwate et al. [8] and compared empirically with
the local model both in public-private and fully-private scenarios. The feature method
can be seen as a form of ensemble weighting [104] based on treating classifiers learned

from local data as new features.

Similarly, there are two ways of preserving privacy on the feature method. The first one
is to use objective perturbation 2 at local sites and non-private ERM at the aggregation
site. The second one is to train classifiers non-privately at all local sites and using
objective perturbation at the aggregation site. The fully-private scenario can be seen
as the combination of these two cases. These systems are shown in Figure 4.6 and
Figure 4.7.
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Our conclusions here are that the first scenario protects differential privacy w.r.t each
local site only and the second scenario protects differential privacy at the aggregation
site and local sites. The first conclusion is easy to see and the analysis of the second
conclusion uses the differential privacy of objective perturbation and post-processing

property of differential privacy.

The second scenario not only protects the privacy of aggregation site but also protects
local sites. To see how it provides privacy for local sites, we need to look at the feature
method 5 first. Changing one data point at local site ¢ means changing the ¢th row of

transformation matrix My, which is equivalent to changing ith coordinate of every data
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point at the aggregation site. This indicates that in order to protect the privacy, a lot

of noise is needed.

4.5 Utility analysis for the feature method

The non-private average method has been analyzed in previous work by Shamir et al. [86]
and Zhang et al. [88]. They show that under a reasonable set of conditions, the average
method (distributed model) performs better than the local model that only learns from

one site’s data.

While the method works well in practice Sarwate et al. [8], very little is known about

its theoretical properties. We would like to better understand the feature method.

We first give an analysis of the mechanism of the feature method without privacy con-
sideration. This all non-private case can be seen as a baseline to which we can add
the differential privacy property.

First, let us consider the regularized ERM objective function at each local site:

m

1
Jr(f, Diocat) = o > 1 i vi) + AR(S), (4.3)
i=1
and at aggregation site:
1
JR(w, DO) = % Z Z(WT(xtrans,i)a yz) + AR(w) (44)
i=1

Also, we define Djy.q1,; as the ith local site and the unique optimal output classifier of

it as:

fi - argmin JR(fv Dlocal,i)7 (45)
fERY

and unique optimal output classifier at aggregation site as:

Wiin = argmin Jr(w, Do), (4.6)

weRN
From now on we use Dy, for data set at any local site and Dy for data set at the
aggregation site unless otherwise noted. Note that the parameters and functions in
expression (4.3) and (4.4) can be different from site to site. Here we choose w as variable
to represent the “weights” that the aggregation site gives to the different local sites. The

parameter mg is the number of data points at the aggregation site and w is the parameter
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we want to learn'. The transformed data point is Zirans i = AtransTi where Agpqns is the

stack of classifiers of local sites (the matrix My in the feature method 5):

i

T
Atrcmszl . l.

I

Here we impose some assumptions on the parameters and functions. These conditions

are standard in classical statistical analysis.

Definition 4.2. Let span{f;} be the subspace that is spanned by the output classifiers

of local sites.

Definition 4.2 provides the fundamental setting of our learning problem. It shows that

the domain of learning procedure in the aggregation site lies in a subspace?.

Notice that the data training procedure at the aggregation site can be seen as training a
linear combination of classifiers computed from local sites. The output is the combina-
tion of this local classifiers. To see why, rewrite the objective function in the aggregation

site as

Jr ( Z l Atrans Ly yz) + AR( ) (47)

We can see now that w’ Ayans is just a linear combination of f; using w; and our
output is wyin. Thus to classify a new point z € R%, the system predicts the label by
using y = sign(w mmAtmnSa;), which shows that the overall output classifier is a linear
combination of classifiers from local sites. The feature method lets the data determine

the importance of each classifier rather than weights them equally as the average method.

Since the output classifier is a linear combination of local classifiers, we should pay
attention to the question as to whether the given global optimal classifier f* belongs to
the span of {f;}. This question is generally hard to answer since we can assume little
about the data distribution P and f*. If f* ¢ span{f;}, then no matter what we do
(tune parameter, add data points or improve the algorithm) at the aggregation site, our
result can not reach f*. This situation is essentially not learnable (see the definition of
agnostic learnability in Shalev-Shwartz and Ben-David [6](Definition 3.3)). Regardless
of the relationship between N and d, f* can either belong or not belong to span{f;}.

We use w € RY to distinguish from f € R,
2Subspace of R? is always convex.
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But there is still an ideal case when we have N > d local sites and d of them are
linearly independent (thus form a basis of R%), now span{f;} = R¢ and we guarantee

that f* € span{f;}. But we can only guarantee this if N > d.

Instead of learning the given global optimal classifier f*, we switch our goal to find
another classifier fg,,, that achieves the best generalization error within the subspace

that is spanned by the local classifiers { f;}. That is, we have the following assumption:

Definition 4.3. (Best classifier) Let

foan = argmin E, o p[l(fT2,y)] (4.8)
f€span{fi}

be the best classifier (fixed but unknown) that we can achieve in span{f;}.

Note that when [(-,-) is A1 s.c. or strictly convex, function L(f) = E )~p[l(f(7),y)]
is A1 s.c. or strictly convex. So finding f7,,, is a convex optimization problem and thus
guarantee the uniqueness of it. For the case when (-, -) is only convex, we fix one of its
optimal solution among the optimal set as a reference. Like f*, we assume that fg,,,
exists is finite. fy,,, is fixed if {f;} is fixed, otherwise we treat it as a random vector
whose randomness comes from local data. When the error between f7,,,, and f* is not
reducible because f* ¢ span{f;}, it becomes a fourth type of error in addition to the
three errors we discussed in Section 2.2.3. From linear algebra we know that there exists
either unique or infinite w* s.t. AL~ w* = f;kpan3. In the case of infinity, w* forms an

affine space in R"™. This affine space is the solution set of A7 w* =0 plus a displace

T * __ %
transW = So from now on we use

of each point in it by a particular solution of A span-

w™* to denote a reference point in this affine space.

We make Assumption 4.3.1 about the convexity of objective function. Convexity is a
common and important condition in machine learning which makes learning problem

feasible and bounded.

Assumption 4.3.1. (Convexity) I(-,-) is a A1 s.c. (convex or strictly convez, see Ap-
pendiz B.1) loss function w.r.t w, where w € RN (or w.r.t f, where f € R?) and R(-)
18 a Ao s.c. regularization term. Here A1 and Ao are the strong convexity parameters

(always positive).
Note that for convex or strictly convex loss function, we simply replace the result in
Lemma 4.11 and then set all A\; = 0. We only analyze the s.c. case here.

Assumption 4.3.2. (Bounded gradient of loss function) There exists a constant C; s.t.
E[IVI(-,)IPP] < 3.

3These corresponding to the two cases that {f;} is linearly independent or linearly dependent
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Assumption 4.3.2 point out a property of loss function: it has bounded gradient. Most
of the common loss function we encounter satisfy this property. The reason that we use

012 here is to avoid a square root, which we will see in sequel.

Assumption 4.3.3. Assume that the reqularization term R(-) is pi-smooth (see Defi-

nition B.5) at all local sites.

From Assumption 4.3.3 we can bound E [|[VR(fZ,,,,)||*]. Using the z1-smooth property

span
of R(-) at local sites we have (for s.c. I(-,)):

IVR(fipan) = VR < pall fopan — [l
HVR(f:pan)H2 < HVR(f*)”Z + M%Hf:pan - f*H2 + 2/1’1HVR(f*)H||f:pan - f*H

2
E [IVR(f2pan) 7] < IVR(FOI? + 2;?@(0) = L(f7))

* 2 N
Sl VR (L0 - L)
= (.(take expectation in both sides and using Lemma 4.11)

(4.9)

Assumption 4.3.4. There exist constant Cs s.t. E [||[VR(w*)|]?] < Cs.

Note that we set N = 10 in our experiments, which is much smaller than data di-

mension?

, so usually local classifiers are linearly independent with each other and this
is indeed true in our experiments. So we may assume that the rows of Anqns are
linearly independent and hence w* is unique for fixed f3,,,. The intuition of this As-
sumption is similar to inequality (4.9). When we have finite data and regularization
term, if we want to learn a good classifier, that is, E[VJr(w*, Dy)] ~ 0. We need
m%) S0 EVUw* T (2rans,i), vi)] + AE[VR(w*)] ~ 0 according to equation 4.7. So a

small ||VR(w*)|| will make things better.

Assumption 4.3.5. Let A* be the matriz that each column is the transpose of best
classifier fg,an

T
f;pan
® T
(AT = span |

f;kpanT
we can immediately bound E [|||A*|||2,]. Using inequality 4.19 we have: E [|[|A*]||2,] <
NE [Hf:pannﬂ . Then ”fs*panHQ = ||f;pan_f*+f*||2 < (”fs*pan_f*H + Hf*H)Q Now USZ'TLg

“Indeed, the number of data sets that we can borrow from others is usually small in real world. So
we almost always have N < d.
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the result in Lemma 4.11 and the fact that (||z|| + ||ly||)? < 2[|z||? + 2||y||* for any vector
z and y € R, we have (for s.c. 1(-,-)):

E (1147115, < LLA]Y(L(G) = L(f*) + 2N f*|? (4.10)

The final goal of this chapter is to bound the MSE between the global optimal classifier
f* and f,, ,,, where f, . is the output combined classifier using wp,. We give an

outline of our proof and then work through it step by step.
The proof outline:

o Firstly, we use the following decomposition to bound MSE between f,, .. and the best

. .
classifier f,,,:

E [ fomin = Fopanl®] < B [ AL ansll15p] B [lwmin — w*|?]
+ Cov 1 Afranslop lwmin — ™[],
then we deal with E [|||A7,,,,/112,], E [lwmin — w*[|?] and the covariance parts separately.

e Secondly, we bound E [[wmin —w*||?]. Here we reduce the problem of bounding
E [||wmin — w*||?] to the problem of bounding E [[[VJr(w*, Do)]?].

e Thirdly, E [[|[VJr(w*, Do)||?] can be bounded by two parts:
E [|VJr(w*, Do)|I*] < 2E [||VJ(w*, Do)||*] + 2A%E [[|[VR(w*)||?] (4.11)

and focus on bounding E [|[V.J(w*, Dy)||?], which is the un-regularized empirical risk.

e Fourthly, we deal with E [|||A7,,.|||2,] part. Similarly, we have the decomposition:

E [[[|Afrans|l5p] < 2B [[[IA"NIZ,] + 2B [[[|Afrans — A%I15,] (4.12)

trans trans

T
trans

then we focus on bounding E [[|A — A*|||2,], which is solved by analyzing E[| fi —

:panuz]'

e Fifthly, we show that the covariance part Cov(X,Y’) can be bounded by E(X)E(Y)

and thus can be solved by using the results in previous steps.

e Finally, we bound E [|| f%,,,, — /*||?] and give our final conclusion about feature method
by merging the results in steps 2 to 5 and substitute them into the decomposition in

step 1.
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Furthermore, we give other two bounds under the conditions of public-private case and

fully-private case.
Now, we start working step by step.

In the first step, we bound the MSE E [wamm - ||2} by two parts:

span

E [ fomin = Fapanl®] < B [11ALansl[5plwmin — w*[I7] (4.13)
= E [[[|Afrans|ll5p] E [lwmin — w*|]

+ COV UHAz;ansmgp ’ mein - w*Hz] N

Here, the first inequality comes from the well known relation [|Av| < |||A]||op]lv] for
matrix A and vector v. The second equality is the application of E[X Y] = E[X]-E[Y]+
Cov[X, Y] for two possibly dependent random variables X and Y. We decompose in this
way because it also reflects the principle behind feature method, where E [|[|Af.,.l12,]
is the term related to training at all N local sites and E [||wmi — w*||?] part comes from
the training procedure at the aggregation site using the classifiers computed from local

sites.
The next step is to bound E [||wmin — w*||?] term.

Lemma 4.4. (Bound on E [||wpin — w*|?]) Under the Assumption 4.5.1 (s.c. case), we

have:

o x||2 4 * 2
B loman — "] € o5 e 190" Do)

Proof. Tt can be easily seen that Jr(w, Do) is (A1 + AX2) s.c. on RY. Using Defini-

tion B.3, for any w € R, we have

A1+ AN
Tr(w, Do) > Jn(w", Do) + (VJ(w", Do),w — ') + =2 o — w2
Rewrite it:
o — w2 < —2— [Tp(w, Do) — Ja(w", Do) + (VJr(w", Do) ” — )]
= +A/\2 R\W, V0 R » L0 R s 70)
2
G Do) — * D * D *—wl]].
SN AN [Jr(w, Do) = Jr(w*, Do) + |V Jr(w*, Do)||lw* — wl]

Now divide both sides by [jw — w*||:

2(Jr(w, Do) — Jr(w", Do)) | 2V Jr(w", Do)

— WXl <
o=l < R T e — ] M+ A
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Since the strong convexity holds globally, we can set w = wyin. Therefore,

2(Jr(Wmin, Do) — Jr(w*, Do)) | 2||VJr(w™, Do)l
()\1 =+ A)\Q)mem — UJ*” A+ Ao ’

Using the definition of wyy;y, 4.6 we have Jr(wmin, Do) < Jr(w*, Dg). So ignoring the first
part of last inequality, squaring both side and take expectation w.r.t data distribution,

we get

4

nt g2 [IVJr(w*, Do)|)?] - (4.14)

O]

The intuition of the result is clear: when the minimum of Jg(w, Dg) (i-e., Wmin) is quite
near to w*, that is, the left part of last inequality is small, the derivative of Jg(w, Do)

at w* should be a small quantity, too.

Now our next step is to bound E [[|VJg(w*, Do)||?] where the expectation is w.r.t ran-

domness of data at local sites and the aggregation site.
Using the inequality (4.11), we need to bound E [||V.J(w*, Do)|?].
We need a technical lemma:

Lemma 4.5. For z,y > 0,n > 1, (z +y)" < 2"~ (2" + y").

Proof. Applying Jensen’s inequality to the convex function ™ for n > 1 and = > 0, we

2 - 2

have

Now let X = [|[VJ(w*, Dy)|| > 0 and k > 1 be some integer, then
E {Xﬂ —E [|X|ﬂ
—E [|X — B[X] + B[X]*]
<E [2’6*1 (|X ~B[X][* + B [X]]k>] (by Lemma 4.5)
— ok-1p [|X _E [X]|k] + okl Xk,

(4.15)



44
Lemma 4.6. (Bound on E[||VJ(w*, Dy)||]) Under the Assumption 4.3.2, we have

E[|VJ(w*, Do)|] < Ch. (4.16)

Proof. We know that Var[X] = E[X?2] — E[X]? > 0, then E[X] < E[X2]2, let Z; =

T .
VU(w** Tirans,i, Yi), we have:

R
Z=—> Z;=VJw*,D

1 X
7l < — 7. tri le i lit
| H_WOZH il (triangle inequality)

_ 1 2o oL
El|Z|| < — E ||| Z; 2
[121] = 5 2B [12lF]

< (.

The third inequality is based on the Assumption 4.3.2. So we have E [||V.J(w*, Dy)l|] <
Ch. O

Now we need to do some further analysis of E [||V.J(w*, Dg)||?]. The following Lemma 4.7
is used to bound E [||VJ(w*, Do)|[?] in other way:

Lemma 4.7. (Theorem 2.1 in De Acosta [105]) Let kK > 2 and X; be a sequence of
independent random vectors in a separable Banach space with norm |- || and E[||X;||¥] <

0o. There exists a finite constant Cy s.t.

n

| n n |k
DXl =B Xl | < G |OQCEIXl]) D2+ Z (11X ]1%]
| =1 i=1 |

=1 =1
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Note that in previous result (4.15): E[X*] < 2F7'E [|X — E[X]|*] + 2*"'E[X]". Let
k = 2 and substitute X = ||VJ(w*, Do)|l:

E[|VJ(w*, Do)|?] < 2E[[[|VJ(w", Do)l = E[|VJ(w", Do)|]I?]

+ 2B [||VJ(w*, Do)|]?
| 12

1
_9E IHZ*OWW Ttransis vi)|| — E HZ VU ztrans )| 4207
| |
9 mo
<20y ZE ||7Vl(w Tirans,i» Yi H 5 Z ||7VZ w* xtranszyyl)H }
+ 2C?
mo 1
<40y Z} E[Hmiovl(w*Tl‘tmns,i» yi)lI*] +2C¢
1=
4 2
< ACaCTmo | o
my

where in the last inequality, we use the Assumption 4.3.2 and Lemma 4.6, so we have

) 4C,C?
E [|[VJ(w*, Dp)|?] < nilzo 1

+202. (4.17)

The intuition behind this result is that when number of data points at the aggregation
site becomes large (my — o0), we can guarantee that on average, the global minimizer
becomes better at the aggregation site. This means we indeed can learn a good classifier

by adding more data points.
Now go back to the decomposition 4.11, we are ready for the following lemma:

Lemma 4.8. Under the Lemma 4.4, conclusion (4.17) and Assumption 4.3.4, we have

4 (804012

40?% + 202
()\1 —|—AA2) + Cl + C3> 5

E [mein w*| ] o
Proof. Plugging conclusion (4.17) and Assumption 4.3.4 into inequality 4.11, then using
Lemma 4.4 we will get the result. O

It is quite interesting to notice that in the above result, even if the number of data points
myo at the aggregation site tends to infinity, we cannot guarantee that we can learn an
optimal weighted parameter w* due to the term 2A%C3 + 4C%?. This is due to three
reasons: the first reason is that we need an non-zero value of A? to prevent over-fitting
at the cost of accuracy. The second reason is the constant Cs = E [|[VR(w*)|?]. This
value is determined by VR(-), which is the restriction in the learning procedure at the

aggregation site, and w*, which is determined by the classifiers from local sites. So this
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term can be seen as a connection between two level of learning procedures. Since there is
no information communication between this two level, we can not reduce C'3. The third
one is (1, which can be significantly reduced with the help of large mg. So there are
three ways we can do to get a better result: the first is to enrich the parameter family
by relaxing the regularization (A — 0)°, the second one to enlarge data set (mg — 00),
the third way is to exchange information between two learning level. With these three
tricks we hope that the algorithm can output something close to the optimal weighted

parameter w*.

Now the fourth step is to bound E [||| A7 term.

trans| | |gp]

Using the decomposition AL, = A* 4+ AL~ — A* the triangle inequality of operator

trans — trans

norm, we have
E [|[ A7,

E [[I1A*[112,] + 2E [IIlA7; (4.18)

trans| ’ ‘Zp] S trans — | | ‘op} .

Clearly our randomness here only comes from the data point at the local sites. So our

work now consists at bounding El[|||A%. .. — A*|||§p].

Note that from the definition of operator norm on matrix, |||M|||op = sup{||Mv|| : v € V
v
with [|v]| < 1}, we have

E [[[|Afrans = A"III3,] = UII(Atmns = AI[5,)

=E (Sup{”<Atrans A*)Tv” : HU” S 1})2

| v
=E (Sgp{\ D (AL s — AL, )2 < [lo]| < 13)7
L =1
- I ~
< E (Slip{ Z(H( trans — A*)gow,i||||v’|)2 : HUH < 1})2
=1

I,
<E (S%p{\ Z(H( trans A*)'Irow,iH)Q})z

L =1

T N
=E (HAtrams - A*)zow,iH)Q
=NE [H Atrcms - A*)row zH ]

= NE [Hfz fs*pan”Q] ’

®Usually we have A = O(1), where n is the number of data points in training set.
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where the first inequality we use the Cauchy—Schwarz inequality, the second inequality
we use the fact that ||v]| < 1. W.Lo.g, we assume f; is i.i.d and hence the fourth equality
is hold.

So our problem now is to bound E [|| f; — jpanl|2]. Notice that this expression is similar
to B[||wmin — w*||?] with only difference being that we need to consider everything in R?

rather than in RY. We have the following lemma:

Lemma 4.9. (Bound on E [|| f; — f,,|[?]) Under Assumptions 4.3.2, Assumptions 4.5.3

span

and Lemma 4.7, we have

E [Hfl - f:panHQ} <

my;

4 <804C%

2A2 40? 4.1
N SSE + Cy + CI), (4.19)

where m; is the number of data point at local site 1.
Now go back to the decomposition (4.12), we have:

Lemma 4.10. (Bound on E [|[|Af,.,.,l|12,]) Using decomposition (4.12), inequality (4.10),

trans

inequality 4.19 and Lemma 4.9 with the same notations in Lemma 4.9, we have

8N 8C4CF
B 4F I3 < G (ot + 202y + 43 )
8N, . .
+ SHLO) - L) + 4N P

Proof. Plugging Lemma 4.9 into inequality 4.19, substitute the result and inequal-
ity (4.10) into decomposition (4.12). O

If the number of data point at each local site are not same, we need to sum up over all
the m; instead of using N x m. W.l.o.g, we assume that all local sites have the same

number of data point ms.

The intuition of Lemma 4.9 is clear, too. If data sets at all local sites are large enough

(m — oo) while keeping a large domain (A — 0), we are sure that our classifiers from

local sites will be close to f3,,,. From Lemma 4.10, this means E [y||Ag;ms|||§p] —

|[|A*|]|2,- Also, a stronger version of this is f; — fX,, for i = 1,--- N which is

illustrated in Lemma 4.9.
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The second-last step is to deal with the covariance term: Cov [[||A7.,,.s /12, llmin — w*|[1?].

We use the relation between two random variables X and Y

Cov(X,Y) < y/Var(X)Var(Y)
= V(E(X?) - E(X)?)(E(Y?) - E(Y)?)
< VE(X)?E(Y)?

= E(X)E(Y). (4.20)

So we have

Cov(|[| Afranslllzp: lwmin — w*[1?) < E(Il|Afransl13) E(lwmin — w*|1?) (4.21)

In our final step, we bound the MSE between f,,,, and f* and give the main theorem

for the feature method. We have:

Lemma 4.11. (Bound on E [|| ., — f*II*])

[ 2 5 (L(0) = L(f*))  if 1(--) is strongly convex
E [Hf:pan - f*||2] < { %(L(ﬁ) L(f*)) if 1U(-,-) is strictly convex (4.22)
L é(L( )—L(f*)) if I(-,-)is conver.

Proof. Using the definition of strongly convex B.3, let f(-) be the expected loss L(f) =
Euy~pll(f(@), )], X=X, y = firan, © = f* and use the fact that origin point 0 and
fapan € span{f;} and VL(f*) = 0 we have:

L(fspan) ZL +<VL fspan_f >+?Hfspan_f H2
A * *
= L(O) > L(fspan) > L(f ) 21 Hfspan - f H2
2 ,
[Hfspan_f H } Y( (0)_L(f ))
Although we never know the value of L(0) and L(f*), but they are fixed and finite.

For the case of strictly convex, using the definition of strictly convex B.1, we have for

Va # y € domL(-) and a positive function o(x,y) :

4
=
>

I
=
&
+
<
=
=
<

|
53
+
)
E
=

|
8
o

Now let x = f* and 0 = H;élfrl o(f*,y) > 0. We can see that o is uniquely determined by
y

Y700
L(+) (hence fixed for fixed I(-,-) and P) and irrelevant to y. So L(y) > L(f*)+o|y— f*||?
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holds for any finite y # f* € domL(-) and using the same method in s.c. case, we
get the result. Note that y # oo means no component of y is co or —oo since we
usually assume that data points are bounded and hence the output classifiers, so is

Jspan- The actual bound should be better since we can set y to be some point as long
as U(f*v y) < U(f*a ;pan)'

For the case of convex, we have for Vz,y € domL(-), L(y) > L(z) + (VL(z),y — z).
we decompose the domain of L(-) into two disjoint sets Dy and Ds s.t. for Yy € Dy,
L(y) > L(f*) and for Vy € Dy, L(y) = L(f*). Note that D; and Dy are fixed for fixed

L(-). For the first case (fX,, € Di), using the same idea in strictly convex and set

pan
op, = _min o(f*,y), we get the result. For the second case (fs,,, € D2), D is the
yeD,y# S~
y7F#oo
optimal set of min L(-) and we simply set f* = f5 ... O

Although Lemma 4.11 provide a nontrivial bound on || — f*|l, we believe that this

;pan
is not the best bound. One reason is that the value of ¢ (op,) might be very small.
Intuitively when N is small (N < d) and increase, the dimension of span{f;} increase

*

w.h.p and hence f3,,, become close to f*. Also notice that larger N means more data,

which will improve performance. This is the reason that when testing the effect of N on
the system in Chapter 5, the error rate decrease when N enlarge. So we have to consider
the effect of increasing N and dimension of span{f;} together to see how it affect the

final result.
Theorem 4.12. (Feature method)
Under the conditions of Lemma 4.8, 4.10,4.11 and inequality 4.21, we have:

E [ fomin = £71I°]

§2(<( 8N (8040% +2A202+4012>+8N(L(0)—L(f*))+4N!f*H2)

)\1+A)\2)2 m A
8 8C,C? 9 5 2
4 2A —(L(0) — L(f*))). 4.2
X(AﬁAW( LA+ 202G ) + (L) ~ L(f)) (4.23)

Proof.

E [l fumin = F*IP] < 2 [l fimin = Fopanl®] +E [l fipan — F7IIP])
< 22E (1A ransl125] B [lwmin — wI”] +E [Ilfipan — F5IP]), (4.24)

then we plug the results in Lemma 4.8, 4.10 and 4.11 into the inequality 4.24, we will
get the result. O
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Rewrite Theorem 4.12 in another way, we have:

E [ farsn — £IF] = O )+ O + O )+ OW)
+ 3 (L0) - L), (1.25)

A1

It can be seen from inequality (4.25) that the convergence rate is reverse proportional
to m and mg. Thus larger size of data set definitely make things better. Since the
bound is a linear increasing function of N, proper size of N tend to have good result.
We will explore these three parameters experimentally in Chapter 5 to demonstrate our
theoretical results. Besides m, mg and N, we can see that large regularization parameter
A always bring us benefit since it enlarge the domain. Large strongly convex parameter
A make it more easier to find the minimum of function. It is interesting to see that small
gradient of R(-) at f* make things better. This is due to reason that if we take gradient
of objective function of ERM and set it 0 at f*, we will see that smaller VR(f*) meas

better result when fix data and domain.

Note that the result does not converge to 0 due to the constant terms. But it says that
with limited data, the bound indeed shrink w.r.t some parameters. And we hope that

the performance will become better.

Since we have the result to describe the behavior of feature method in non-private case,
there is an interest to further explore the effect of privacy on whole system. We replace
the normal regularized ERM procedure by the objective perturbation algorithm 2 at all
local sites. Now there are two sources of randomness in our system: data and noise.
From now on, we use Ej,4,[-] instead of E[-] to emphasize that the expectation is w.r.t
data. We introduce a lemma which replaces the role of Lemma 4.9 at the local sites.

This corresponds to the “Public-Private” case in Sarwate et al. [8].

First denote Agranspp (for Public-Private case) by the stack of private classifiers compute
from local sites (matrix My in the feature method 5). We replace all Ayrans by Atranspp

in the following;:

Jprivt
I T
o fprion o]
then we have the following lemma:
Lemma 4.13. (Bound on E [|\|A;§mppy||§p} using objective perturbation at the local

sites) Let d, €, § be the dimension of data, privacy parameter and some constants in



o1

(0,1) respectively. Using the notations in Lemma 4.9 and under the conditions of in-

equality (4.12), Assumption 4.3.5, inequality (4.19) and w.p. as least (1 — §)N

16N d? log?(d/d) 16N 8C,C? 5 9
Baata (1 Atranspolllon] < 3773 2z * ()\1+A>\2)2< m T C2+401>
8N N * *
+ TI(L(O) — L(f) +4N| f*|*.

Proof. We bound the error Egata [|| fpriv; — fipanll?] by two parts:

Edata |:||fp7"ivi - f;panHQ] < 2(Edata [prTiUi - le ] + Edata [Hfl - span” ]) (426)

The intuition of inequality (4.26) is clear: the first part is caused by noise added at local

site ¢ and the second part is normal regularized ERM. Now we bound the first part.

Let b be the noise vector drawn from distribution (3.1) and
fi = arg;nin JR(f7 Dlocal,i)v
. 1.7
fprivi = al"g}mn JR(f7 Dlocal,i) + Eb f .

Applying lemma 7 in Chaudhuri et al. [78], we have

1
1= fril < 5 VB A,

o)1

2
R - < - nn
= Edam [Hfz fperH ] >~ m2()\1 +A>\2)2'

(4.27)

Note that the right part of inequality (4.27) contains no randomness from data.
The second part is from Lemma 4.9.

Since we known that ||| is drawn from the distribution of I'(d, 2). Then using Lemma
17 in Chaudhuri et al. [78], w.p. at least 1—6, [|b||* < Wbegij(d/‘s)

two parts we get: then w.p. at least 1 — §:

. Now combining these

Edata [prm'vl fspan” ] m

8d? log?(d/9) 8 (804012

2 2

(4.28)

Finally, we substitute inequality 4.28 into inequality 4.19 (replace f; by fpriv;) and then
use Assumption 4.3.5 and inequality (4.12) we can get the result. ]

Now we have the following theorem for feature method with privacy at all local sites.
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Theorem 4.14. (Feature method in public-private case)

Under the conditions of inequality 4.24, Lemmas 4.8, 4.11, 4.13, w.p. at least (1 — )Y,

we have:

Edata [wamm - f*HQ] < 2((

16 Nd? log?(d/d) 16N (804012
m

A+ AXo)?m2e2 T (A1 + AXy)?
SN,
+ 5, (L) = L) + AN 7IP)

y 8 <804(712
()\1 + A)\Q)Q

+2A%Cy + 40%)

L aA%Cy 4 40%) + flwm — L(f*)

mo
=0 5) + 05 O )+ 0(0) +O(: ) + O(V)
+ ;ll(L(O) — L(f")). (4.29)

Proof. We use the decomposition (4.24) and plug the results in Lemma 4.8, 4.11 and 4.13,

the only difference here is that we replace Asrans by Atranspp- O

It can be seen that larger ¢ makes performance better, which matches our intuition and
the results in single machine in Chapter 3. We will also test this by experiments in

Chapter 5.

Finally, corresponding to the fully-private case mentioned in Sarwate et al. [8], we use

objective perturbation at both the local sites and the aggregation site.

It is easy to get the following Lemma to describe the learning procedure at the aggre-

gation site using objective perturbation:

Lemma 4.15. Let wyy, = argmin, (JR(w,DO) + miobTw), where b € RN. Using the

notations in Lemma 4.8, then w.p. at least 1 — §:
8N?1og?(N/6)

()\1 + A)\Q)2m(2)62
8 (804012

Edata [prriv - W*”Q] S

TS WE +4012+2A203>.

mo

Proof. The proof here is the same as inequality 4.28 except that we consider everything
in RY and |b]| is drawn from the distribution of I'(, 2). O

With the help of previous results, we have the following theorem for fully-private case

feature method:

Theorem 4.16. (Feature method in fully-private case)
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Under the conditions of Lemmas 4.11, 4.13, /.15 and decomposition (4.24), w.p. at least

(1 —0)N*1 we have:

.12 16N d?log?(d/s) 16N 8C,C? 5 5
= <
SN _ . .
+ AT(L(O) — L(f*) +4N| f*|1?)
16N?log?(N/4) 16 8C,C? 5 5
4CF + 202C
T iwzmze T Oyt A ( mo LT 3))
2 n *
+ AT(L(O) — L(f7)))
N31og?(N/6§ N31og?(N/§ N31og?(N/6§
= 0T S + oS ) ¢ 0N )

N N N
+ (’)(—mQEQ) + O(7m0m262) + O(

)+0(5)+0( ) +OW)

mmyg

4o
+ A—l(L(O) — L(f")). (4.30)
where we use € as the privacy parameter at the aggregation site.

Proof. Replacing A¢rans by Atranspp and wmin bY wpriv, we substitute Lemmas 4.11, 4.13

and 4.15, into decomposition (4.24) and get the result. O

It is worth noting that we assume that the variables like parameters ¢, m and A and
functions R(-) are the same at all sites. The main results in this chapter can be easily
generalized when these variables are different from site to site due to their own choice.
Note that I(-,-) should be the same at all sites since we want to approach the same
f*. Also, if we replace the loss function and regularization term in Theorem 4.12, 4.14
and 4.16 with specific choice such as logistic regression loss and huber loss, we will get
more useful bounds. For convenience, these variables we test in Chapter 5 are the same

at all sites unless otherwise specified.

Also, it is necessary to explain why we use the MSE of output classifier and f* as
the measurement of the performance of whole system’s output classifier. Chaudhuri
et al. [78] use L(f) to measure the performance of output classifier f, where L is the
expected loss (see Page x). This is reasonable since data point do not come from testing
set but from its distribution and any output classifier is evaluated under this real-world
case. The disadvantage of this is that we can never use L(f) as y-axis in plotting
since we don’t know data distribution P, which make the theoretical results not that
intuitive. Kifer et al. [80] use Jr(f, D) as the measurement. Jgz(f, D) can be used as
y-axis in plotting but it costs a lot to calculate it. Using MSE can be both intuitive

and easy-to-calculate. According to our definition of misclassification error rate 5.1,
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> lo(fajy; < 0) = =23, f2jy; = —Eaata [f7y] can be used as a measurement
of generalized error rate. In other words, Egu. [f*xy — fzy] is also a good choice,
where (x,y) is a data-label pair draw from P. Apparently we have Egu, [f*2y — foy] <
Edgata [IIlf = F¥lzyll] < aEgata [||f — f*||] for constant a if data is bounded. If we plot
fry as y-axis then we have Egara [f2y] < av/Edata [||f — f*]|?] +b. We can see that the
value of § 3, Io(fz;jy; < 0) is “consistent” with the value of Egqq [||f — f*]|?]. So the

plotting reflects the error rate directly and fzy is very easy to calculate.

Now we have three Theorems 4.12 4.14 4.16 to describe the behavior of the feature
method under different privacy conditions. In Chapter 5 we will conduct series of ex-

periments to test the parameters in them.
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Chapter 5
Comparison of two methods

In this chapter, we conduct some experiments to validate of our theoretical analysis
in chapter 4 and the advantages of the distributed learning model w.r.t the local and
global models. We illustrate different trade-offs to provide some intuitions about when

distributed learning is feasible.

We provide a series of experiments under several privacy conditions to illustrate the
average method and the feature method. These experiments correspond to the three
theorems in chapter 4. We will analyze them and draw some important conclusions

about the performance of feature method compare with the average method.

In the last section we will conduct experiments to show that by using differentially private
classifiers learned from multiple local sites, an aggregation site can learn a classifier that
significantly outperforms classifiers learned from a single local site. This illustrates
the benefit of differential privacy: it enables sharing data derivatives, and incentivizes

sharing access to data that can improve overall accuracy.

In this chapter we mainly use six parameters. We test the effect of parameter e (privacy
parameter), m (number of data points in one local site), my (number of data points in
the aggregation site) and N (number of local sites) while fixing other parameters. Also

h denotes Huber constant and A denotes regularization parameter.

We use misclassification error rate to measure performance in our experiments. For any
linear classifier f and a data point (x;,y;), we denote misclassification error (empirical

error) by e; and define it as:

1 if yjfTa; <0
e =
’ 0 if yjfojEO.
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Then we define the error rate as:
1
error rate = Z ;ej. (5.1)

if we have totally k data points in testing set.

From now on, we denote e(e, N, m, mg, h, A) to be the error rate and the parameters
that are associated with it. Also, we use subscripts eavg,None, €Avg,Loc, €Avg,Agg> CAvg,Full
as error rate of the average method without privacy, with privacy only at the local
sites, with privacy only at the aggregation site and with privacy at both local and
aggregation sites. With same meaning, efeat,None, €Feat,Loc; €Feat,Agg> CFeat,Full are the
corresponding subscripts for the feature method. In the following description, we will

use the combination of these notations to denote the meaning.

5.1 Trade-offs in distributed system

There are several interesting trade-offs in distributed learning. Through these trade-offs
we can see how the performance of distributed learning changes w.r.t some important

factors.

5.1.1 Privacy vs. accuracy in one local site

How does the error e vary with as the privacy level ¢ changes in a single
local site? Fix the number of sites N, number of training points m per local site,
number of points mg at the aggregation site, and parameters h and A from the ERM
algorithm. We set the first local site in our system as an “auxiliary site.” The auxiliary
site has a privacy parameter ¢ and the remaining N — 1 sites have privacy parameter
€. The system is shown in Figure 5.1. We consider two scenarios: one where the N — 1
sites do non-private training (e = oo) and the other one where they do differentially
private training (e = 2). This two experiments represent practical situations because
in reality each local institute that provides data can decide its own level of privacy
independently. Also, the first case can be seen as a base experiment in which no privacy
is provided at local sites other than the test site. Our goal is to understand how the
auxiliary site’s different privacy requirement € affects the performance of the average
and feature method. We compare the average method with feature method under non-
private training by plotting eavgNone and €featNone in Figure 5.2 as a function of €.
Similarly, we show eavg Loc and efeat,Loc in Figure 5.3. The results shown in these two

figures indicate that even changing the privacy level ¢p at a single site (auxiliary site
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here) can have a significant effect on the final performance. The reasons are two-fold:
firstly the noise we add on local sites (other than the test site) is low. Secondly, both
the average and the feature methods combine the classifiers from local sites so that even
a small change will significantly affect the result. This indicates that when the overall
performance is poor, we should discard some classifiers or reduce their weight artificially.
From these two figures we can see that the feature method works better than the average
method. This is because the feature method weighs each classifier from the local sites
using extra data by non-private ERM, rather than setting the importance of each local
classifier equally. However, it can be seen that this benefit only holds under certain
conditions, rather than being universally true. Another interesting phenomena that can
be seen when comparing these two figures is that the feature method is stabler when no
noise is added at local site other than the test site. This is because we add extra noise
on the second case, which make the error rate higher. Also, when all the classifiers from
local sites other than the test set are good (non-private), a change in performance of the

test site affects the overall result little. So the first case is stabler.

<

Classifiers
test site Testset [
) fl

m f=average(fi) .

Average method

fi

local site i Training
seti f

Testing set

A

m

N f
Feature method | "

Aggregate site

- < N mo
local site N Training
setN
m

FIGURE 5.1: Privacy vs. accuracy in one local site

5.1.2 Number of data points in one local site vs. accuracy

How does the error e vary with as the number of data points m changes in
one local site? Fix the number of sites IV, privacy parameter € per local site, number of
points myg at the aggregation site, and parameters h and A from the ERM algorithm. We
set the number of data points in auxiliary site as m’ and the remaining N — 1 sites have
m data points in each site. The system is shown in Figure 5.1. We also consider the cases

where either all N local sites do non-private training or differentially private training.



Tune eB%iIon in one local site (first local site private), Epsilon vs accuracy trade-o

€Avg,None (€")
05F |

0.4 ]
0.3} ]

0.2+ 4
eFeat,None(fj')

01} gi/%

0.0 0.1 0.2 0.3 0.4 0.5

EI

Misclassification error rate

FIGURE 5.2: Private in auxiliary site, e(¢’,;e = oo, N = 10,m = 789, my = 789,h =
0.5,A = 0.01) vs € using 37" in MNIST dataset, €' is from 0.025 to 0.5 with step 0.025,
run the whole system 10 times for fixed ¢’ and plot with error bar.

Ag%rage vs feature, tune epsilon in one local site (all local sites private)

05} eAvg.Loc(el)

0.3}

0.2}

Misclassification error rate

€Feat,Loc (f’)
0.1F

0.0 0.1 0.2 0.3 0.4 0.5

FIGURE 5.3: Private in all sites, e(¢’,e = 2, N = 10, m = 789, mg = 789, h = 0.5, A =
0.01) vs € using ’37” in MNIST dataset, € is from 0.025 to 0.5 with step 0.025, run the
whole system 10 times for fixed ¢’ and plot with error bar.
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Average vs feature(all non-private, number of points in one local sites)

00361 eAvg.Nene(m!)

e

A
|

AN

Misclassification error rate

0.032}
€Feat,None (m’)
0.030] —1
0.028 ‘ ‘ . . ‘ . . ‘
0 500 1000 1500 2000 2500 3000 3500 4000 4500

mf

FIGURE 5.4: All non-private, e(e = co, N = 10, m = 413, mg = 413, h = 0.5, A = 0.01)
vs m’ using 37’ in MNIST dataset, m’ is from 413 to 4546 with step 413, run the whole
system 10 times for fixed m’ and plot with error bar.

This two experiments represent the situations in reality where each local institute that
provides data independently. Our goal is to understand how the auxiliary site’s different
amount of data points m’ affects the performance of the average and feature method. We
compare the average and feature method under non-private training by plotting eavg None
and efeat,None i Figure 5.4 as a function of m’. Similarly, we show eayg oc and €Feat,Loc
in Figure 5.5. From the results in Figure 5.4 and Figure 5.5, we conclude that when we
increase the data from one local site (or any local site), we enjoy a better performance.
We can see that the performance in Figure 5.4 is much better than that in Figure 5.5 due
to the effect of noise on local sites. Also it is interesting to see that in both experiments
the feature method is stabler than average method. This is because the feature method
uses data in aggregation site to adjust the weight of classifier of each local site when the
classifier changes. This makes the system “react” to the changes of parameters. But
the average method can not achieve this goal. Note that the performance of the feature
method becomes better than the average method in Figure 5.5. This phenomenen can
also be explained by the mechanism of the feature method. This experiment stimulates
the situation in reality that different sites have different numbers of data points. But we
cannot get as much data as we need and balancing the number of points in each site and
the number of sites, is important, too. As a base experiment, these two results (together
with last two experiments) show that the distributed system behaves the same as a single
site (comparing with experiments in Chapter 3), as long as we test one parameter at one
time. The phenomenon is also demonstrated in many other studies [54, 76, 106, 107]

with different convergence rates.
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AV(?Egge vs feature(private in local sites, number of points in one local site)

040l €Avg,Loc(m’)

Misclassification error rate
o
N
w
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FIGURE 5.5: Private in all sites, e(e = 2, N = 10,m = 413, mo = 413,h = 0.5,A =
0.01) vs m/ using '37’ in MNIST dataset, m’ is from 413 to 4546 with step 413, run the
whole system 10 times for fixed m’ and plot with error bar.

5.2 Feature method vs average method: experiments

In this section, we will compare the average method with the feature method by exper-
iments on real data. In each experiment, we first provide the situation the experiment
describe. Then we set the goal and information of experiment. We give analysis of each
figure and show how they demonstrate the previous theoretical results (Theorem 4.12
4.14 and 4.16 in Chapter 4) and our intuitions. Then we compare the two methods.
Also, we compare the results with results in previous subsections and do some analysis
on interesting phenomena and differences among data sets. Finally, we give conclusions

of this experiment.

5.2.1 Experiment I: non-private case

How average method and feature method perform when there is no privacy
concern? Fix the number of sites N, number of training points m per local site,
number of points mg at the aggregation site, and parameters h and A from the ERM
algorithm. Our goal is to show the performance of the average method and the feature
method under non-private case. We compare them by plotting histogram in Figure 5.6
to Figure 5.9. The regularization constant here is chosen by a 5-fold cross validation. It
can be seen from these two histograms that when all the parameters are fixed, feature

method performs better than the average method, especially when using Covertype
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data set. Also, they have similar distribution. It is not surprising that this happens
because given the same local classifiers, feature method has the ability to choose the
weight of each local classifier adaptively according to the aggregation site and output a
combination of them. This is generally better than treat each local classifier the same.
But this also requires a good aggregation site. So it is possible that the results of two
methods are close to each other. Therefore, we conclude that under the condition of
non-differentially private distributed system!, when parameters are all the same, we

prefer feature method to perform distributed learning.

How does the error e vary with as the number of data points m changes
at each local site?The goal of this experiment is to understand how the number of
training points m of each data provider affects the performance of the average and
feature method. We plot eayg None and €feat,None in Figure 5.10 and 5.11 as a function of
m. Theorem 1 in Zhang et al. [88] and Theorem 4.12 indicate that increasing? data at
local site(s) will decrease the MSE between the output classifier and f* in both methods.

We therefore conclude that MSE is decreasing when we add data on local sites.

How does the error rate e vary with as the number of data points mg changes
at the aggregation site? Our goal is to understand how the number of data points
in the aggregation site mg affects the performance of the average and feature method.
We compare the average and feature method under non-private training by plotting
€Avg,None and eFeat,None in Figure 5.12 and Figure 5.13 as a function of mg. The results
demonstrate the analysis in Theorem 4.12 that when number of data points increase at
the aggregation site, MSE gets smaller (hence error rate goes down). The results show
that the feature method performs much better than the average method when we have
a large aggregation data set (This phenomena is especially clear when using Covertype
data set). This phenomena shows the advantage of feature method: it uses extra data
to improve the result. So we have the conclusion that the MSE decreases when we add
data on the aggregation site and we should consider using the feature method when

there is a large aggregation data set.

How does the error e vary with as the number of local sites N changes?Our
goal is to understand how the number of data providers N affects the performance of
the average and feature method. We compare the average and feature method under
non-private training by plotting eavg,None and efeat,None in Figure 5.14 and Figure 5.15
as a function of N. Theorem 1 in Zhang et al. [88] indicates that the average method
performs better when number of local sites increase, which is shown in these two figures.

Theorem 4.12 shows that the feature method gets worse when number of local sites

1This condition holds for all experiments in this section
2When tuning one parameter, we always assume that other parameters are fixed unless otherwise
specified, similarly hereinafter.
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Average method using MNIST data set Feature method using MNIST data set

Frequency

0! 0!
0.025 0.030 0.035 0.040 0.045 0.050 0.025 0.030 0.035 0.040 0.045 0.050
Misclassification error rate Misclassification error rate

FIGURE 5.6: e(e = oo, N = 10,m = FIGURE 5.7: e(e = oo, N = 10,m =

789,h = 0.5, A = 0.01), run the whole 789, mg = 789,h = 0.5, A = 0.01), run

system 360 times and plot the his- the whole system 360 times and plot
togram. the histogram.

increase, which directly contradicts our intuition that whenever the total number of
training data points increases, we get a better result. But it can be seen from these two
figures that the error rate of the feature method decreases before increasing, which can
not be explained by Theorem 4.12. An explanation of this phenomenon is that when
the number of local sites is small, increasing the number of local sites is equivalent to
adding the dimension of span{ f;} (see Definition 4.2), which means that the || ., — f*||
decrease w.h.p. Since we have the decomposition E[|| foutput = fipanl?] < 2(E[ll foutput —
FoanP1FE firan— F*117]), we may guess that overall performance will get better. When

the number of local sites increases, f* € span{f;} almost certainly. (hence f* = f* )

span
and adding more classifiers (local sites) will be useless and thus becomes a burden to
system. At this time, the model fits Theorem 4.12 and error rate goes up. Also, notice
that the fluctuations in the figures indicate that even if the dimension of span{f;} is
high, f* € span{f;} does not necessarily hold because of the randomness that comes
from data redistribution. This tells us that we must choose suitable N so that in real
world cases the error rate is small enough and in other experiments N won’t become
a factor that separate the average method and the feature method. We conclude here
that when we increase the number of local sites, the MSE decreases when we use the

average method but displace a local minimum when we use the feature method.

5.2.2 Experiment II: private at local sites

Our next series of experiments focuses on the affect of privacy effect at local sites. Here

we use the objective perturbation (Algorithm 2) at all local sites.
How does the privacy parameter ¢ at local sites affect the performance?

Our goal is to understand how e affects the performance of the average and feature

method by tuning e at each local site simultaneously. We compare the average method
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FIGURE 5.8: e(e = co, N = 10,m =

2411,h = 0.5,A = 0.00001), run the

whole system 200 times and plot the
histogram.
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FIGURE 5.10: e(m,e = oo,N =

10,mg = 789,h = 0.5, A = 0.01) vs m,

m is from 39 to 789 with step 39, run

the whole system 10 times for fixed m
and plot with error bar.

0.034 e vs m, using MNIST data set
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FIGURE 5.12: e(mgp,e = oo, N =

10,m =789, h = 0.5, A = 0.01) vs my,

my is from 79 to 789 with step 79, run

the whole system 10 times for fixed my
and plot with error bar.
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Feature method using Covertype data set
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FIGURE 5.9: e(e = co, N = 10,m =

2411,mg = 2411,h = 05,A =

0.00001), run the whole system 200
times and plot the histogram.

e vs m using Covertype data set
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FiGure 5.11: e(m,e = oo,N =
10,mg = 2411,h = 0.5,A = 107°) vs
m, m is from 1085 to 2410 with step
120, run the whole system 10 times for
fixed m and plot with error bar.

e vs m, using Covertype data set
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FIGURE 5.13: e(mg,e = oo, N =

10,m = 31509,h = 0.5,A = 107%) vs

mg, mg is from 3151 to 31509 with step

3151, run the whole system 10 times for
fixed mg and plot with error bar.
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FIGURE 5.14: e(N,e = oo,m =

170,mg = 170,h = 0.5,A = 0.01) vs

N, N is from 2 to 50 with step 1, run

the whole system 100 times for fixed IV
and plot with error bar.
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FIGURE 5.15: e(N,e = oo,m =

6796, mg = 6796, h = 0.5, A = 107°) vs

N, N is from 2 to 50 with step 1, run

the whole system 50 times for fixed NV
and plot with error bar.
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with feature method by plotting eavg Loc and efeat,Loc in Figure 5.16 and5.17. These two
figures fit our intuition and results in Chapter 3, where we use single data set and found
that the performance became better and variance became smaller when we increased e.
Also, it shows an important character of the feature method under differential privacy:
the feature method is less affected by noise than the average method. In these two
experiments the randomness comes from noise instead of data redistribution®. Now we
give an explanation of this phenomenon. From Theorem 4.14 we can see that the term
O(%) + O(#) that contains e, which related with privacy, are relative small
comparing with other terms due to the m and mg terms in dominator. So changing e
at local sites has little effect on the performance. But the average method uses each
classifier from local sites more directly than the feature method, without the help of
the aggregation site. The overall result is directly related with performance of each
classifier. From Theorem 3.4 and Figure 3.1, increasing € will raise performance. Thus,
the average method gets better when we decrease the privacy risk at each local site. So
our conclusion for this experiment is that for both method, increasing ¢ makes the final
performance better and the feature method performs better than the average method

and less affected by noise than the average method.

The next three experiments are the same as last three experiments in last section but

now we limit privacy concern at local sites.

Our goal of this experiment is to understand how the number of data points in each
local site m affects the performance of the average and feature method. We compare
the average method with feature method by plotting eavg Loc and efeat,Loc in Figure 5.18
and 5.19 as a function of m. The results demonstrate the theoretical prediction in

Theorem 4.14 that increasing the number of data points at local sites will decrease the

3Note that in theoretical analysis in Chapter 4, the randomness comes from both noise and data
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e vs e using MNIST data set e vs ¢ using Covertype data set
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FIGURE 5.16: e(e, N = 10,m = FIGURE 5.17: e(e, N = 10,m =
789, mp = 789, h = 0.5,A = 0.01) vs ¢, 42762, my = 42762,h = 05,A =
€ is from 0.025 to 0.25 with step 0.025, 0.0000001) vs ¢, € is from 0.025 to 0.25
run the whole system 10 times for fixed with step 0.025, run the whole system
€ and plot with error bar. 10 times for fixed € and plot with error

bar.

error rate. From these two figures we can see that feature method is more stable than
the average method. Notice that they perform worse than the previous two results in

Figure 5.10 and Figure 5.11 due to noise added at local sites (noise terms).

We want to understand how the number of data points at the aggregation site mg affects
the performance of the average and feature method. We compare the average method
with feature method under public-private training by plotting eavg loc and efeatLoc in
Figure 5.20 and 5.21 as a function of mg. Our results and conclusions here are the same
as the experiments corresponding to Figure 5.12 and Figure 5.13 except for the effect of
the noise, which make performance worse. Notice that adding noise or not and changing
data points at the aggregation (or local) site(s) work independently of each other, so
the figures keep the general trend as previous ones. So the conclusion here is that under
public-private case, system’s performance get better when size of data at the aggregation

site enlarge.

We want to understand how the number of local sites N affects the performance of the
average and feature method. We compare the average method with feature method
under public-private training by plotting eavg Loc and efeat,Loc in Figure 5.22 and 5.3 as
a function of V. These two figures show that the error of the average method decreases
little and it performs worse than the previous results in Figure 5.14 and Figure 5.15.
This is due to the effect of noise. Also, the average method performs worse than the
feature method. This is because the average method is more sensitive to the noise than

the feature method. The feature method performs better when N increases.
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FIGURE 5.18: e(m,e = 0.1,N =

10,mq = 789, h = 0.5, A = 0.01) vs m,

m is from 39 to 789 with step 39, run

the whole system 10 times for fixed m
and plot with error bar.

e vs m, using MNIST data set
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FIGURE 5.20: e(mg,e = 0.1,N =

10,m = 789, h = 0.5, A = 0.01) vs my,

myg is from 79 to 789 with step 79, run

the whole system 10 times for fixed my
and plot with error bar.
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FIGURE 5.22: e(N,e = 0.1,m =

170,mg = 170,h = 0.5,A = 0.01) vs

N, N is from 2 to 50, run the whole

system 50 times for fixed N and plot
with error bar.
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FIGURE 5.19: e(m,e = 0.1,N =

10,mg = 31509,h = 0.5,A =

0.0000001) vs m, m is from 3151 to

31509 with step 1576, run the whole

system 10 times for fixed m and plot
with error bar.

e vs m, using Covertype data set
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FIGURE 5.21: e(mg,e = 0.1,N =

10,m = 31509,h = 0.5,A =

0.0000001) vs mg, mg is from 3151 to

31509 with step 3151, run the whole

system 10 times for fixed mg and plot
with error bar.
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FIGURE 5.23: e(N,e = 0.1,m =

9223, mg = 9223,h = 0.5,A =

0.0000001) vs N, N is from 2 to 50, run

the whole system 50 times for fixed NV
and plot with error bar.
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5.2.3 Experiment III: all-private case

Now we redo the four experiments in section 5.2.2 but this time we add a fully-private

feature method and compare with the public-private case.

Our goal here is to understand how the local sites and the aggregation site privacy re-
quirement e affects the performance of the average and feature method. We compare the
average method with feature method under fully-private training by plotting eavg Loc,
€Feat,Loc aNd eFeat,Ful in Figure 5.24 and Figure 5.25 as a function of €. Not surpris-
ingly, all the results get better when € increases, which is similar to previous results
(Figure 5.16, 5.17). We can see that the fully-private feature method (green line) per-
forms worse than the public-private feature method (red line). This demonstrates the
difference of Theorem 4.14 and Theorem 4.16. Also, the fully-private feature method is
better than the average method. This shows that the effect of extra aggregation site is
much larger than the noise at it. So we may conclude here that feature method with

non-private aggregation site is the best choice in real world distributed learning system.

In this experiment we want to understand how the number of data points at each local
site m affects the performance of the average and feature method. We compare the
average method with feature method under fully-private training by plotting eavgLoc,
€Feat,Loc aNd €Feat Full in Figure 5.26 and Figure 5.27 as a function of m. It can be see
that the average method performs better as the number of data points increases and the
feature method seems unaffected by this. This phenomenon can be explained with the
help of Theorem 4.14 and Theorem 4.16. We may guess, although we can not prove it
directly since we know nothing about f*, that the terms contain m change little due to
their small value. Also notice that the feature method with privacy at the aggregation
site performs worse than the feature method without privacy: this has already been
explained in the last paragraph. So our conclusion here is also the same as the last

paragraph.

Our goal is of this experiment to understand how the number of points mg affects the
performance of the average and feature method. We compare the average method with
feature method under fully-private training by plotting eayg Loc, €Feat,Loc and efeat,Full
in Figure 5.28 and Figure 5.29 as a function of mg. These two figures demonstrate
the theoretical results in Theorem 4.14 and Theorem 4.16 that adding data points at
the aggregation site makes the performance better. This is especially significant for the
fully-private feature method. The fully-private feature method performs the worst in
this experiment due to the reason that it both have noise added at local sites and at
the aggregation site. Both the average method and the public-private feature method

fluctuate significantly due to the noise.



68

e vs e using MNIST data set
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FIGURE 5.24: e(e, N = 10,m =
789, mp = 789, h = 0.5,A = 0.01) vs ¢,

FIGURE 5.25: e(e, N = 10,m =
31509,mg = 31509,h = 0.5,A =

€ is from 0.025 to 0.75 with step 0.025,
run the whole system 10 times for fixed
€ and plot with error bar.

0.0000001) vs ¢, € is from 0.025 to 0.5
with step 0.025, run the whole system
10 times for fixed € and plot with error

bar.
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FIGURE 5.26: e(m,e = 0.1,N =

10,mg = 789,h = 0.5, A = 0.01) vs m,

m is from 39 to 789 with step 39, run

the whole system 10 times for fixed m
and plot with error bar.

FIGURE 5.27: e(m,e = 0.1,N =

10,my = 31509,h = 0.5,A =

0.0000001) vs m, m is from 3151 to

31509 with step 1576, run the whole

system 10 times for fixed m and plot
with error bar.

Finally we want to understand how the number of local site IV affects the performance of
the average and feature method. We compare the average method with feature method
under fully-private training by plotting eavg,Loc, €Feat,Loc and efeat,Full in Figure 5.30 N.
From this figure we can see that the error rate of two methods become better when N

increase, which match our theoretical results in Chapter 4.

5.3 Three models

In this section we focus our attention on the comparisons among local model, global

model and distributed model that we mentioned in section 4.2.
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FIGURE 5.28: e(mg,e = 0.1,N =

10,m =789, h = 0.5, A = 0.01) vs my,

my is from 79 to 789 with step 79, run

the whole system 50 times for fixed my
and plot with error bar.
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is from 3151 to 31509 with step 3151,
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mg and plot with error bar.
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FIGURE 5.30: e(N,e = 0.1,mg = 170,m = 170,h = 0.5, A = 0.01) vs N, N is from 2
to 50, run the whole system 50 times for fixed N and plot with error bar.

How the three models perform when changing ¢ 7 In this series of experiments,
we are ready to demonstrate our claim that distributed model indeed provides us with
more benefit than local model and global model. Our experiments are to compare these
three models in two cases: all non-private case and fully-private case (see Chapter 4).
Here we use “11” to “110” to represent 10 local sites (local model) and “G” for global

model, “F” for the feature method and “A” for the average method (distributed model).

The result of all non-private case is given in Figures 5.41. The results of fully-private

case are shown from Figure 5.31 to Figure 5.40.

Despite of the decreasing error rate of all models due to increasing in €, there are some
other interesting phenomena that we can find from these figures. We can see that global
model and distributed performs better than local model in general. This is due to the
lack of data in local model. Next, as € increasing, the local model changes the fastest, its

error rate changes 36% and the global model changes the slowest, about 2%. This is due
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to the reason that the norm of noise vector draw from gamma distribution and its shape

1
Ndata€’

larger change in shape parameter and hence makes the shape of gamma distribution

parameter 6 Hence for a smaller mount of data ng4.¢, same change in € makes
change faster®. It can be seen that the distributed model has higher error rate than
global model at start. As e increases, the distributed model (both the average method
and the feature method) performs closer to global model and finally better than it. This
tells us that when system needs a low level of privacy (small €), distributed model is

definitely our best choice.

“For a random variable X draw from gamma distribution f(z;a, 8), E(X) = af ,V(X) = af?
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Chapter 6

Conclusion and Future work

6.1 Conclusion

Previously in Chapter 4 and 5 we discussed the average method and the feature method.

We summarize our research results in Table 6.1 to give a brief review.

TABLE 6.1: Feature method vs average

P
€ m mg N
PC
All non-private | A > F A(l) = F(]) A>F() | A() = F(]) then
A()) < F(%s7))
Public-private | A(]) > F(“s”) | A(l) > F(“s") | A>F(l) | A() > F(})
Fully-private | A(l) > F(“s") | A(}) > F(%s") | A>F() | A>F

Where PC is for privacy conditions and P is for parameters, “A” is for the average
method and “F” is for the feature method. Error rate has been compared here and we
also use arrows and “s” (stable) to indicate the general trends of curves.

Under all non-private case, the feature method has small advantages over the average
method. Experiments suggest that when we add more data at aggregation site, the
feature method outperforms the average method. We have to be careful when using
the feature method when NN is large since the performance gets worse. In public-private
case, the feature method is more stable and can take advantage of extra data points
at the aggregation site to reduce the effect of noise. In fully private case, we find that
the curves are the same as in the public-private case. The most relevant scenario for
applications is where the privacy constraint is at the local sites. In this case the feature
method is superior: it achieves a favorable trade-off between accuracy and privacy risk.
So we are very confident to say here that the feature method is better than the traditional

average method.
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6.2 Future work

In the last section of this thesis, we provide some guidelines for future work based on our
investigations. Previously we discussed differentially private ERM and feature aggrega-
tion methods for binary classification problems. From the theoretical and experimental
results in Chapter 3 to 5 we can see that they perform pretty well and easy to implement.
But we also noticed that there are some disadvantages of these two algorithms. In this

section we provide possible solutions to these problems.

6.2.1 Improved differential private ERM algorithm using random ma-

trix

Chaudhuri et al. [78] design two delicate differential private ERM algorithms and give
original ideas on how to bound probability quotient. Kifer et al. [80] improve this result
by introducing extra regularization term, assumptions and different noise distribution.
The algorithms in Chapter 3 give us the hint that one way to look at differential private

ERM algorithm is to use a noise matrix, which is shown below:

n

T D) = 23U ) + AFTMF, (61)
=1

where M is a d x d real, p.d. and symmetric random matrix.

We call this method the “matrix perturbation”. Here we construct a noise matrix so
that it both have function of privacy and regularization. It is easy to see that the
diagonal terms of matrix M have the effect of regularization. The difference comparing
with algorithms in Chaudhuri et al. [78] and Kifer et al. [80] is that the regularization
parameter is random (due to noise) and different in different coordinate. We should pay
attention to the noise distribution that the matrix draw from since intuitively, a random
matrix introduce more noise than a random vector. For reference of random matrix,
Terence Tao’s book “Topics in random matrix theory” [108] is worth reading. Also, we
can gain some insight into it from Pathak et al. [35], where we have to pay attention to
how to draw the noise distribution and the norm of matrix.

A possible way of considering matrix perturbation is simply draw the diagonal of M i.i.d
according to some distribution on R*! and set all off-diagonal components to 0, where
we need to make sure that all diagonal components are positive so that matrix is p.d..

In this case we have a regularization term with random weight: " diag;(M)f?, which

(2
have the effect of both regularization and privacy preservation. So we use one term to

meet two requirements, which may make things better. One thing need our attention is

distribution like exponential distribution whose domain is non-negative
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that we must find a bijection between the output vector (classifier) f and noise vector

(the diagonal of noise matrix here) so that we can transform % and bound it.

6.2.2 Improved feature method

The feature method is a different approach to distributed learning that uses data at the
aggregation site to let the data “speak” by learning weights for the local classifiers. We

believe there are several interesting future directions.

*

The first improvement of feature method is to make the best classifier fg,,,

equal to
the global optimal classifier f*, in other words, f* € span{f;}. One way to do this is
to borrow data from N local sites where N > d, and pick d best independent local
classifiers before conducting the learning procedure in the aggregation site. Although
this method guarantee fJ,,,, = [ and leave the ’useful’ classifiers, we need further
rigorous proof to show that this ’pick out’ procedure indeed bring us more benefit.

The second improvement may be adding more levels of learning. More specifically, we

can use the feature method in the following way:

First learning level Second learning level More Final learning level
learning
levels

Aggregation site

:- f_{\sum}
Aggregation site
,\ — —>

L

FIGURE 6.1: Multilevel feature method, red rectangular for the local site and blue one
for the aggregation site

As we can see from Chapter 4, more levels of learning means faster rate since the number
of data points in each learning level acts in a multiplicative way. Take the content in
yellow square in Figure 6.1 as an example. In each triangle, we use the original feature
method 5 and output the combined classifier fZQ. We gathered these outputs, combine

with aggregation site in next learning level (the second learning level in Figure 6.1) and

2Note that here we output fs € R% rather than the weighted parameter wmin € RY
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use the feature method to output combined classifier fs~. Then we do the same thing for
all triangles and in all levels. In what situation should we use this multilevel method?
The answer is that when the public-accessible data in aggregation site is gathered in
real-time and is very big. Another situation is when the communication links between
levels are bad and the data can’t stand too much loss in transmission. Using a multilevel
learning framework, all the computations are finished locally (strong local computation
ability) at aggregation site so that we can only transmit one classifier (each triangle)
instead of whole data set in the aggregation site. This framework may be applied in
research in meteorology, oceanography and geology.

The third improvement is to explore the number of local sites N. As we see in The-
orem 4.12, large N makes things worse, which is counter to the results in the average
method [88]. This can also be seen from experiments in Chapter 5. Intuitively, the
feature method prefers fewer good local classifiers over a large number of bad ones. We
haven’t figured out ways to move N from numerator to denominator in the bound (or
at least remove it from numerator). But what we can do is to control the number of
sites we borrow data from and do sufficient investigation and research on each data set
they provide.

The fourth improvement is to find a better way to deal with the covariance in Sec-
tion 4.21. This covariance part can be reduced since we didn’t give a further analysis of
two learning levels and bound it just by basic property of random variable.

The feature method can also be improved with the help of other machine learning meth-
ods. Ensemble learning methods such as bootstrap aggregating and boosting improve
the overall result by weighting. A comprehensive introduction to boosting is given
by Schapire and Freund’s book [102]. The feature method may also be analyzed in a
stochastic gradient descent way, which can be find in Shamir et al. [86].

There are many other ways to improve the feature method, including some technical
tricks. We can communicate between levels of learning to help reducing the constants.
We can choose suitable regularization term and loss function to get tighter bound. Notice
that in Lemma 4.11 we use the fact that || - || < C — E][|| - ||]]] < C, where the bound
can be improve by some methods. We can add more assumptions about the property
of functions. Also, it is useful to find the exact relation between distribution of P
and distribution of f7,.,. The only randomness of f;,,, comes from span{f;} (see
Definition 4.3), whose randomness comes from f;, which are independently distributed.
The most challenging part here is to find the distribution of argmin(-). You may get
some inspirations from Habibi and Reza [109]. Then we are able to know the distribution
of f; and hence E | ;pan]. Further more, the estimation of the data distribution P is a
popular topic in statistic and machine learning.

Finally, if we want to look at the distributed learning procedure in a higher way, a

deeper knowledge and understanding of optimization theory, probability theory, modern
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analysis and high-dimensional geometry is necessary. Although linear classifier learned
from one local site represent the character of data in that site, we can get more features
and inner structures of a data set by analyze it geometrically. Also, PCA can be applied
to reveal the information that a data set contains. Papers related to distributed PCA

can be found in Liang et al. [110] and Qu et al. [111].
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Appendix A

PCA and data preprocessing

PCA is a kind of dimension reduction strategy. It uses orthogonal transformation to
convert a set of points(vectors) which are possibly linearly correlated with each other
to a set of points which are linearly uncorrelated. The dimension of transformed data
points are less than or equal to original ones. Intuitively, PCA keep the useful informa-
tion of data and remove the redundancy. Also, PCA can be used for interpretation of
data, finding meaningful structure of data and for illustration purposes [6]. Some good
introductions of PCA are in Shlens and Jonathon [112], Smith and Lindsay I [113] and
Wold et al. [114]

After we load the data set, the first important step is to prepossess it. This step aims
at reducing the running time.

Take the MNIST handwrite digit data as an example. We re-range the data set into a
782 x 11552 matrix. Here 782 is the dimension of original data (also we called measure-
ment type) and 11552 is the number of data points we have. Our goal is to reduce the
matrix to d x 11552, here d is the dimension that contains 90% of the information of

date’s shape.

Tix1 Tix2 0 X1x11552
. . T2x1 Tax2 - T2x11552
Original data matriz = |
| T784x1  T784x2 °°  TT784x11552 |
% - -
Yix1 Yix2 - Yix11552
. Yox1 Y2x2 0 Y2x11552
Datamatrizafter PCA=1 i I
| Ydx1 Ydx2 ' Ydx11552 |

Basically we imagine the data are represented as a huge cloud in 3D space (even the

number of dimensions can be more than 3), what PCA does is to change the point of
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view to find the most significant gradients (shape or characters) of this ’data cloud” and
extract them.

At first step, we compute the m-dimensional mean vector where m equals 784 here.

mixi

max1
meanvector = 1 |

| 70784 x1 |

1 11552
where mpx1 = 15r5 i1 Thxi

This step is to find the center of cloud.
At second step, subtract every column of the original data matrix by using mean vector.

At this step we move the coordinate to the center of the data cloud.

Tix1  Tix2 v T1x11552
, Toax1  T2x2 vt T2x11552 )
centered data matrix = 1 . . I — mean matrizv
[ T784x1  X784x2 v T784x11552

here the mean matrix is a matrix that has the same shape with original data matrix and
every column is a mean vector.

At third step, compute the covariance matrix using centered data matrix. The covari-
ance measures the degree of the linear relationship between two arbitrary points. A
large positive value indicates positively correlated data. Likewise, a large negative value
denotes negatively correlated data. The absolute magnitude of the covariance measures
the degree of redundancy. So the covariance matrix represents the point-wise relation
between data points. Let cov,, be the covariance matrix, cov., be the centered data
matrix be the we have: cov,, = ﬁ COVern covl . The ijti,j =1,--- ,784element of
covy, is the dot product between the vector of the i*" measurement type and the vector
of the jth measurement type.

At fourth step, we compute eigenvectors and corresponding eigenvalues. At the last step,
covariance matrix captures the covariance between all possible pairs of measurements.
The covariance values reflect the noise and redundancy in our measurements. In the
diagonal terms, large values correspond to interesting structure. In the off-diagonal
terms large magnitudes correspond to high redundancy. The eigenvectors here are the
directions that shows the characters (shape) of data. We denote these eigenvector-
eigenvalue pairs as (vec; — val;)

At fifth step, we sort and choos k eigenvectors with the largest eigenvalues. Since we
already got the eigenvalues, we discard least 10

At last step, we map the data onto the new subspace.



Data matrix after PCA = transpose of transform matrix * original data matrix =

Y1x1

Iy2x1

| Ydx1

Y1x2

Y2x2

Ydx2

Y1x11552

Y2x11552 |

Ydx11552 |
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The mathematical proof of PCA can be found in Chapter 23 in Shalev-Shwartz, Shai

and Ben-David, Shai [6].
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Appendix B

Definitions

We introduce some useful definitions and examples in this chapter.

Definition B.1. (Convex and strictly function) let F be a nonempty convex set in a
real vector space and let H(f) : F — R be a function. H(f) is convex if Vf1, fo € F
and Vt € [0,1], we have H(tf1 + (1 —t)f2) < tH(f1) + (1 —t)H(f2). If for all f; # fo
and Vt € (0,1) we have H(tf1 + (1 — t)f2) < tH(f1) + (1 — t)H(f2), then we say the
function is strictly convex. Another expression are f(y) > (>)f(x) + (Vf(x),y — x) for
all z,y € domain of f(-) (z # y € domain of f(-)) .

Strictly convex function is useful because it can have unique global minimum. Suppose
there are two distinct local minimum points in the domain of H(f). We denote them
as f1 and fo. Assuming that H(f1) < H(f2). Now using the definition of the strictly
convex function we have for V¢t € (0,1), H(tf1 + (1 —t)f2) < tH(f1) + (1 —t)H(f2) <
tH(f2) + (1 —t)H(f2) = H(f2). If we take ¢ sufficiently small so that ¢f1 + (1 —t)fo
is near to fo. So there exists a neighborhood of fs such that for any points = in this
neighborhood, H(z) < H(f2), and hence that H does not have a local minimum at
f2, a contradiction. We conclude that a strictly convex function has at most one local
minimum. Using similar idea we can conclude that if H(f) does have a local minimum
at fo then it is also a global minimum at fs.

Note that convex function can have no minimum. For example function f(z) =e™*.

Examples 1. Logistic regression function f(x) = log(l + e*) is often used in ERM.

Using second derivative test we have f(x)" = ( L

Fe=)(15e®) > 0 and thus it is a convex

function.
Also, other loss functions like Huber loss and SVM loss are convex.

Definition B.2. (Strongly convex function 1) A continuous function f is strongly convex

over a convex set S w.r.t anorm ||-|| and with parameter A if for all z,y € S and ¢t € (0,1),
fltz + (1= t)y) < tf(2) + (1 =) f(y) — 3At(1 = t)l|lz — yl3.
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Definition B.3. (Strongly convex function 2) Another useful definition of strongly con-
vex function is: A differentiable function f is strongly convex over a convex set S w.r.t
a norm || - || and with parameter X if for all z,y € S, f(y) > f(z) + (Vf(z),y —z) +
3lly —x[?. Or in other way, (Vf(z) = Vf(y)), (z —y)) = Ally — >

Note that strongly convex function C strictly convex function C convex function.

Examples 2. Some times we use negative entropy . x;logx; as regqularization term.
Lemma 8 in Shalev-Shwartz and Singer [115] mentioned that negative entropy is 1-

strongly conver w.r.t Ly norm.

2

Interestingly, in 1-dimensional case, 2 is strongly convex but z* is not.

Definition B.4. (Lipschitz continuity) Given an open set S C R%. A function f : R? —
RF is A-Lipschitz continuous on the open subset S if there exists a constant A € Rar
(called the Lipschitz constant of f on S) such that || f(z) — f(v)| < Aljlz —y||,Vz,y € S.

Examples 3. Absolute value function |z| is 1-Lipschitz continuity over R. For Vz,y,

we have:

lz] = |yl = |z —y +y| = |yl
<z —yl+ |yl = [yl
=1x|z—yl

Definition B.5. (3-smooth) A differentiable function f: R? — R is -smooth if its
gradient is S-Lipschitz continuity. That is, for all 2,y € domain of f, we have |V f(y) —
V(@) < Blly - all. Another expression is: £(y) < £(z) + (V(z),y — ) + £ |ly — |

Examples 4. The well known regularizer }||z||? is both 1-smooth and 1-strongly convez.
f(w) =log(1+ e ¥<w*>) s W—smooth for z € R% and y = +1

Definition B.6. (Laplace distribution and its property) A random variable has a Laplace

.. . - - . . . _lz—uyl .
distribution if its probability density function is f(z|u,b) = 2—166 5 , Here, pu is the

location parameter and b > 0, which is the scale parameter. In our application we often

set pu=20
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