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Abstract

Distributed learning is now-a-days a widely used framework for training ma-
chine learning algorithms on a very large-scale. Distributed learning suffers
high communication delay for high-dimensional datasets because very large
parameter vectors are to be shared. In this project, we consider distributed
learning for the cases where the cost of communication between machines
is very high. We propose a formulation that solves the distributed learn-
ing problems approximately with low communication cost. We started by
introducing partial consensus in Alternating Direction Method of Multipli-
ers (ADMM) which incurs low communication cost but gives approximate
solutions. We improved it further by generalizing it to Primal Block Coor-
dinate Descent (ADMM-BCD). We have evaluated our algorithms on high-
dimensional datasets and performed a comparison with other existing meth-
ods like CoCoA[1], ADMM-Dual Coordinate Ascent (DCA)[2]. The empiri-
cal evaluations show that ADMM-BCD performs well in initial iterations but
overall ADMM with DCA as local solver is the best method for optimization
on high-dimensional datasets.
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Chapter 1

Introduction

Numerical optimization plays a key role in training various Machine Learning
algorithms. With increasing volume of the training data, both in terms of
no. of samples and no. of features, learning became a challenging task.

Various distributed learning methodologies were employed to tackle this
problem efficiently. These methods generally split the training data across
multiple machines. A naive way is to solve each of the sub-problems indepen-
dently and get the average of the parameters. There are methods which solve
the original problem exactly by achieving consensus on the parameters across
the machines. In these methods, each machine iteratively communicates with
other machines until consensus is achieved.

For most of the iterative distributed methods, communication cost per
iteration is O(d), where d is the feature dimension of the training data. This
cost becomes an overhead when d is very large. This incurs a significant delay
in communication where the machines spend more time for communication
rather than computation.

In this project, we considered distributed learning through consensus-
based optimization. In this setting, a set of machines in a network, collabo-
ratively minimize their corresponding objective while having a consensus on
the parameters across the machines. We attempt to devise formulations for
consensus-based learning that gives approximate solutions with significantly
low communication cost. We started with basic idea of Partial Consensus Op-
timization and improved it upon by proposing the Primal Block Coordinate
Descent method using ADMM. We evaluated our algorithms by performing
experiments on high-dimensional real world datasets. Also, we have per-
formed a comparative study on various distributed optimization algorithms
to see which performs best.



1.0.1 Organization of Report

The report is organized as follows. In Chapter 2, we discuss the basic concepts
relevant to the problems considered in the project. In Chapter 3, we discuss
the existing approaches for the distributed consensus learning problem. We
present our methods in Chapter 4 and the empirical results are discussed in

Chapter 5.



Chapter 2

Background

2.1 Linear Binary Classification

Binary classification is defined as task of separating given set of points into
two classes based on various attributes possessed by the points. It is called
linear binary classification if the separation is done by using simple hyper-
plane.

Formally, for a given point x;, we assign a label y; € {—1,+1}, using the
hyperplane defined by w’x + b = 0, as follows:

y; = sign(w’x; +b)

Here the hyperplane (w,b) is called as the classifier or the classification
model.

Training
Given a set of points with associated labels (also called training set) as
{(zi,yi)|xs € R,y € {-1,+1},i=1,2,...m}

the process of calculating a classification model (w, b) is called the training.
There are various types of classifiers named based on how they are trained.
In this project we consider training linear binary classifier through statistical
learning process called empirical risk minimization. This process builds a
model that minimizes the no. of mis-classified points in the training dataset.
This can be achieved by solving a convex optimization problem which is
discussed in the next section.



2.2 Regularized Risk Minimization

Regularized risk minimization is a generic formulation used to learn most of
the machine learning models. This formulation builds a model that minimizes
a given loss function over the training dataset while keeping the model as
simple as possible.

Let D = {(x, v:)|x; € R",y; € {—1,+1},i=1,2,...m} be a given set of
m labelled instances, each instance having n features. The regularized risk
minimization for linear binary classification is defined as follows:

1 2 S T
i gl + O3 itwT ) (2.1)
where [ is the loss function which incurs a penalty when an instance is
misclassified. w is the parameter vector that defines the linear model. C'
is the hyper-parameter that controls the trade-off between the loss and the
model complexity.
We get the Support Vector Machine (SVM) formulation if we use hinge
loss or square hinge loss. We get the logistic regression formulation if we use
logistic loss.

2.3 Distributed Learning

Many technological fields like finance, biology and trading etc, are now-a-
days generating data in enormous amounts. It has become essential to do
data analysis through statistical processes on very large datasets.

Due to emerging distributed file systems like Hadoop[3] and increasing
sizes of training data, distributed learning methods are explored recently.
These methods take advantage of the data locality in distributed file system
where single dataset is partitioned across many machines.

2.3.1 Formulation

Under the distributed setting, the formulation 2.1 can be redefined as follows:

k k- m
. 1 :
min ooyl P+ C Y Y Hwl ey y)
=1

WL, W2,..., WL ER™ - -
=1 j=1 (2.2)
s.t. w; =2z,Vi=1,2,...,k
zecR"



Where k is the number of machines in the distributed system and m;
is the number of instances in each machine. w; corresponds to the model
parameters for i'" node. The equality constraint on the model parameters
across the nodes makes this formulation equivalent to 2.1.

In the next chapter, we discuss various methods used to solve this prob-
lem.



Chapter 3
Related Work

In this chapter, we discuss the existing methods from the literature which
are most suitable to solve the problem 2.1. Then the key challenges in these
methods are highlighted to motivate our approach.

3.1 Existing Methods

Here we focused on the synchronous distributed learning methods, where the
optimization is operated by a master node by issuing commands to worker
nodes with necessary parameters and collecting the results at each iteration.
There exist asynchronous methods, in which all the machines communicate
with neighbours asynchronously. We did not consider these methods because
they are not suitable for the big data platforms like Hadoop.

3.1.1 One-shot Averaging

One-shot averaging is a naive and straight-forward method that approxi-
mately optimizes the original objective. In this method, all the nodes locally
solve the sub-problem and the end results are averaged to get the final model
parameters. This method requires only one time communication of the pa-
rameters.

For the Regularized Risk Minimization problem, we solve the following
optimization on each of the nodes locally,

1 S .
w; = argu)rflm ﬁH'wzH2 + C’Zl(w?mﬁ,yij) Vi=1,2,...,k (3.1)

=1



and compute the average of the parameters to get the result,

k
D wi
i=1

Though this method gives a good approximation when no. of nodes is
small, it tends to perform poorly as the no. of nodes increases. Also when
the data distribution is skewed among the nodes, this approach gives bad
results. For example, consider a case of two nodes where all the positive
class instances are in one node and the negative class instances are in the
other node. We can not guarantee that the averaged result in close to the
optimal. This limitation makes it necessary to perform more iterations by
collecting information about all other nodes.

El

w =

3.1.2 Map Reduce-based Optimization

Map-Reduce is the functional abstraction provided by distributed file sys-
tems like Hadoop. This model is inspired by two key abstractions used in
functional programming languages namely, Map and Reduce. In the map-
step, we apply some function on all the individual nodes. In reduce-step, the
results are collected and combined at the master node.

The map-reduce paradigm is best suited for gradient descent based meth-
ods.

3.1.2.1 Gradient Descent

Gradient descent is an iterative algorithm used to minimize convex functions.
In 2.1, if the loss function is convex and differentiable, the overall formulation
becomes convex and differentiable and we can use gradient descent method
to minimize the objective.

To simplify the notation, lets define the cumulative loss corresponding to
it" node as follows,

filw) = 3l ) 32)

Then the gradient of the above function can be written as,

Viiw) = U(w e, vz

j=1



Where [ is a differentiable convex loss function (e.g., Square Hinge loss).
The gradient of the overall objective becomes,

k
VF(w)=w+ CZ Vfi(w)
i=1
The gradient vector represents the direction of maximum increase at a
particular point. The gradient descent method iteratively updates the pa-
rameter vector w in the negative direction of gradient as follows,

w' — w' — A\VF(w)

Where A\ is called the step size or learning rate, which is used to specify
the length of the step to be taken in negative gradient direction.

In distributed setting, it can be observed that the quantity VF(w) de-
composes over the nodes in the cluster. Hence, this computation is done in
parallel by using one map-reduce iteration. In the map-step, the gradient is
computed across all the nodes locally, and the results are collected and added
up in the reduce-step at the master node. Here, the optimization happens
only in the master node, but computation of the required quantities is done
in parallel. Hence, the convergence rate of the algorithm remains same as
that of gradient descent method. But, there is a per-iteration communication
cost of O(n) for worker nodes and O(nk) for the master node where n is the
dimension of the parameter vector and k is the no. of nodes.

3.1.3 All Reduce-based Optimization

All Reducel[4] is similar to the Map Reduce method except that the way the
nodes communicate with each other is different. This method imposes a tree
structure over the nodes in the cluster with master as the root. The nodes
are arranged according to their physical proximity. Now the communication
from a node happens only with its parent node and the child nodes.

The intuition here is to reduce the high communication cost at the master
i.e., O(nk). While collecting the gradient vectors, each node collects the
gradient vectors from it’s children and adds them up along with it’s local
gradient vector and passes the result up to the parent. The master node gets
the cumulative gradient which is used to take the update step. The updated
parameter vector is broadcasted down the tree for the next iteration.

In this method, the per-iteration communication cost at a node is O(nd),
where d is the number of children of the node. This method is particularly
suitable for a very large cluster, in which the no. of nodes is in the order of
thousands.



Apart from gradient descent, All Reduce can be used for any method
which requires accumulation of quantities from all the nodes in the cluster.
This method improves the communication cost at the master but it is still
in the order of dimension of the parameter vector.

3.1.4 Alternating Direction Method of Multipliers

Alternating direction method of multipliers[5](ADMM) is a distributed opti-
mization method based on the concepts of dual decomposition and method
of multipliers. This algorithm solves the problems in multiple variables in
which the objective can be split into functions of individual variables with
global constraints on the variables. The problem can be defined as follows:
Let f and g be two convex functions,

min - f(x) + g(2)

st. Ax+Bz=c
Where x € R", z € R™, A € RP*", B € RP*™ and ¢ € RP. The
augmented Lagrangian function for the above problem is defined as follows:

Ly(z,2,A) = f(z) + g(z) + N (Az + Bz — ¢) + g||Aoc Y Bz —c|? (33)

Where p is called the penalty parameter and X is the dual variable. Using
the concepts of dual decomposition and method of multipliers, this function
is minimized using the following update rules:

'™ = argmin L,(z, 2", \")
X

2 = argmin L, (', 2, \Y) (3.4)

AT = X+ p(Ax + Bz — ¢)

Here, the optimization is performed by minimizing the augmented La-
grangian alternatively w.r.t. the two primal variables & and z. The dual
variable is updated in each iteration after z-variable update. This method
can be easily applied to the consensus optimization problem 2.2.

3.1.4.1 Consensus Optimization using ADMM

The consensus optimization problem for regularized risk minimization 2.2
can be restated as follows:



k
min Z gi(w;)
i=1

W1,W2,..., W ER™

(3.5)
s.t. w; =2,Vi=1,2,...k
zeR"”

Where g;(w;) = 5| [wi|[*+C Y7 [(w] @45, yi;), corresponds to the local
objective at i*" node. Here z is the global variable to ensure equality among
the parameter vectors across all the nodes.

In lines of the ADMM formulation stated above, we can define the aug-
mented Lagrangian function for 3.5 as follows. For convenience, we used
scaled form of ADMM formulation as discussed in [5].

k
Ly(W1, Wy« oy Wiy 2, A1, Az, Ak) = Zgi(wi)—l—gHwi—z—k)\iHZ (3.6)

=1

Here A;s are the dual variables corresponding to each of the nodes. It is
easy to see that this objective is decomposable w.r.t. w; for a fixed z. The
update rules for the consensus optimization can be written as,

wit = argmin g;(w;) + gsz — 2"+ A}|)?
w;
k
S+l 1 Z(w7§+1 AL (3.7)
k : ’

i=1
)\?1 = AL+ ,w§+1 _ il

These rules can be further simplified as follows:

Let w' = %Zle w} and X! = %Zle AL be the average values of the

primal and dual variables respectively over all the nodes at ¢ iteration.
Then, from the above rules, we can write

2 — a1 N
- (2
AL = X4ttt — ot
(2
From these two equations we can conclude that A**' = 0, that implies
that the dual variables will always have the average value zero. Using this

result in the update rules above, we can eliminate the variable z. The update
rules for the consensus optimization problem are,

10



t+1

w’L

= argmin g;(w;) + BH'wi —w' + A}|]?
ST 2 (3.8)

AL = ALl gt

In each iteration, the w; minimization is performed in parallel at all the
worker nodes. The master collects all the parameter vectors and computes
the average w and is sent back to the worker nodes. The worker nodes update
their respective dual variables before moving on to the next iteration.

The w; minimization can be solved using any convex minimization algo-
rithm like gradient descent. For the case of SVM, we can use efficient dual
methods such as dual coordinate accent methods.

In this algorithm, the per iteration communication cost is O(n) at the
worker nodes and O(nk) at the master node. This is equivalent to gradient
descent but the no. of iterations required for gradient descent is relatively
high when compared to ADMM.

3.1.5 ADMM using Dual Coordinate Ascent

It can be observed from the ADMM updates shown in 3.7 that the local
problem to solve 'w;H'l is very much similar to Linear SVM formulation. This
can be efficiently solved in dual by using Dual Coordinate Ascent (DCA).
We use the solver presented in [6], to solve the local problem for the case of
Square Hinge loss SVM formulation.

As discussed in 3.1.4, the admm updates for Square Hinge loss SVM

formulation on " machine, are as follows.

1

w’L

= argmin gi(wi) + £ w; — @' + X[
w; 2 (3.9)
Where g;(w;) = g||wi|[* + C 327" max(1 — yi;w] ®i5,0)?, corresponds
to the local objective at i*" node.
Now the problem to be solved in each iteration at each node is,

1 -
argmin %||wz| >+ C Z max(1 — y;;w; T44,0)° + gH'w2 —w'+ XL||* (3.10)
w; jil

The equivalent dual form for the above objective is,

11



min  f(a) = gaT(QTQ + D)a + ph(w' — AHTQa — 1T«

subject to 0 < a; < 00,V)

(3.11)
Where,
k
h =
1+ pk
Q is matrix with y;;x;; as columns
D is diagonal matrix with D;; = 1/2C
The primal and dual variables are related by,
w; = hQa + ph(w" — AY) (3.12)
Now, the gradient of the above objective w.r.t « is,
Vf=Q"(hQa+ ph(w* — AL) + Da — 1
Which becomes,
Vf=QTw;+Da -1 (3.13)
Gradient w.r.t one coordinate «; is,
ij = ij,LTIB] + DjjOéj —1 (314)

Using this result, we can efficiently calculate the gradient w.r.t. one
coordinate if we have the w; consistent with the dual variables at any inter-
mediate stage. This can be maintained by updating w; as soon as any dual
variable gets updated using the following relation.

with = w} + (o™ — Oé?ld)hijj (3.15)

Using this relationship, we maintain both, the primal and dual variables
(w;, ) in memory, consistent with each other and perform coordinate ascent
w.r.t a; chosen at random. The algorithm is presented in Algorithm 1 which
is very similar to that given in [6] with few additional terms added due to
the penalty term induced by ADMM method.

12



Algorithm 1 Local Dual Coordinate Descent Solver (LocalDCA)

Input: o, w and A
Data: Local training data D = {(x;, v;)}4
Initialize &’ = o and w® = h Y " | ay;x; + ph(® — X)
t=20
while o' is not optimal do
for:=1...m do
=t4+1
Gi = yiw"z; + Dja; — 1
min(0,G;) if oy =0,
G; Otherwise.
if PG, # 0 then
ottt = max(af — G;/(hxTx;),0)
wt = w! + (/™ — o) hyix;
else
ot = ot
w = w!
end if
end for
end while
Aa=a' —a’
Aw = w' —w
return (Ao, Aw)

PG, =

3.1.5.1 Hot Start

In the equation 4.19, a is updated while solving the local problem using
Dual Coordinate Ascent and w and A are updated after getting updates
from other nodes.

So, for each iteration, instead of starting the local solver with a set to
zero, we can use the primal-dual variables (w,a) from previous iteration
and use it as a starting point. This helps to converge faster, especially in the
later iterations of ADMM as the parameters do not change much.

The ADMM algorithm with Hot Start optimization is shown in Algorithm
2.

3.1.6 CoCoA: Communication Efficient Distributed Dual
Coordinate Ascent

This method has been proposed by Jaggi et al. [1]. This is a stochastic

13



Algorithm 2 ADMM using Dual Coordinate Ascent

Data: Training data D = {(x;, y;) }!™, split across k machines
Initialize @) =0, W’ =0, w) =0 and \; = 0,Vi=1...k
t=20
while w' is not optimal do
for all i =1...k do in parallel
(A, Aw;) = Local DCA (at, w", Af)
o™ = a; + Aay
w!™ =Wt + Aw;
end for
@' =@ + LY Aw; /* Collect using All-Reduce */
//Broadcast @' to all nodes
A = A4 w!™ — wt Vi = 1...k /* Update dual variables in
parallel */
t=1t+1
end while
return w'

Algorithm 3 CoCoA

Input: T > 1 and Scaling parameter f;, (Default 5, = 1)
Data: Training data D = {(@;, ;) }'*, split across k& machines
Initialize @) =0, w" =0 Vi=1...k
fort=1...7T do
for all i =1...k do in parallel
(A, Aw;) = Local DCA (af, w')
ol =a; + %Aai
end for
wt = w' + % 3" Aw, /* Collect using All-Reduce */
t=1t+1
end for
return w’

distributed method and uses the Dual Coordinate Ascent method shown
in Algorithm 1 as the local solver in each node. The difference between
this method and other methods is, the dual variables a maintained in this
algorithm correspond to the global objective rather than the local objective.
After each iteration, The primal parameter vectors are averaged and updated
to each node. The dual variables also updated so as to agree with the primal
variables.

This primal-dual relationship is maintained throughout the process. The

14



authors claim that the method is communication efficient. We have included
this method here to evaluate this against our methods.
The Algorithm 3 contains the algorithm used by CoCoA solver.

3.2 Motivation

In all the distributed learning methods, the per-iteration communication cost
is directly proportional to the feature dimension of the input dataset. When
the feature dimension is very large, the communication and accumulation of
the parameter vectors incur significant delay. In this scenario, the distributed
system spends more time in communicating while the processors being idle.
It is hence desirable to reduce the amount of data shared among the nodes
in the cluster to speed up the learning process.

This issue motivated us to consider the distributed learning for the cases
where the communication cost is high. Here the intuition is that it might
not be necessary to share some of the parameters which do not make much
difference to the overall objective. Hence, the key is to identify and share only
the most important information that is required to get close to the optimal
solution of the original problem.

3.3 Problem Statement

The goal of this project is to devise formulations and algorithms for dis-
tributed optimization problems that perform way better than one-shot av-
eraging and give near-accurate solutions, with low communication overhead.
In other words,

Objective:

e Speed up the distributed learning process by reducing the per-iteration
communication cost.

e Provide the theoretical guarantees with necessary assumptions for the
proposed approach.

e Evaluate the proposed algorithms by performing empirical analysis on
real world datasets and establish a trade-off between the sub optimality
and the improvement in communication cost.

15



Chapter 4

Proposed Method

4.1 Partial Consensus

Motivated by the observations discussed in the previous chapter, we at-
tempted to solve the distributed learning problem 2.2, with a modification to
the global constraints. It is easy to verify that in 2.2 the no. of parameters
shared across nodes is equal to the number of constraints. The intuition here
is that depending upon the distribution of data among the nodes, some of the
parameters may agree with each other even without the constraint. Here we
reduce the no. of global constraints and there by reducing the communication
cost.

The formulation for distributed learning using partial consensus can be
formally defined as follows:

k E ms
. 1 ) i r
w17w2T},%k€R" % ’LZI le“ + szljzll(wl wij,i%’j)
s.. Aw; =2,Vi=1,2,....k (4.1)
zeR"
AR r<n

Here instead of imposing equality constraint on all the parameters across
the nodes, we impose equality constraint on r linear combinations on subsets
of parameters using the matrix A. This will ensure that the communication
cost is O(r). It is desirable to set r << n to get a significant improvement
in communication. If A = I,,.,, then this formulation is equivalent to 2.2.

Here it is obvious that this formulation will not solve the original problem
exactly unless r = n. But with the right choice of the matrix A we can come
up with a near-accurate solution.

16



After solving the problem, the parameters across all the nodes may not be
equal. So, the average of final parameter vectors is considered as the result.

4.1.1 Implementation

The formulation 4.1 can be efficiently solved using ADMM as discussed in
Section. 3.1.4. The augmented Lagrangian function for the formulation 4.1
can be written as follows:

k
Ly(wi,way - oy Wi 2, A1, Ags - A) = 3 gi(wi) + gHAwi —z 4 A
=1

(4.2)
Where g;(w;) = o ||ws||* + C Y H(wfxij,y:;) and A; € R”.
Using the similar argument presented in 3.1.4, the following update rules
for the distribution optimization are derived.

t+1

w;

= argmin g;(w;) + £||Awi — 2"+ Ajl)?
20 2 (4.3)

AL AL At

Where 2" = + Zle Aw}, is the average of the parameters at t' iteration

left multiplied by the matrix A. The first rule above is local to each node
and can be performed in parallel.

4.1.1.1 Solving the sub-problem

The sub-problem to be solved at each node in each iteration is,
wi*! = argming, (w;) + 5| Aw; — 2' + X[ (4.4)
w;
This objective is convex in w; and can be solved using any convex min-
imization algorithm. For our implementation, we used gradient descent
method.

Similar to the argument presented in Section. 3.1.2.1, the gradient of the
above function is,

VE(w}) = gi(w;) + pAT (Aw; — 2" + X)) (4.5)

we can write the equation for update step for parameter w; as follows,
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with « wl — sVF(w))

Where s is the step-size which is chosen using the Barzilai and Borwein
rule [7]

4.1.2 Effect of free parameters

In the partial consensus problem defined above, the parameters that do not
participate in the equality constraint are called unconstrained parameters.
In this problem, after the optimization is performed, these unconstrained
parameters take different values in different nodes. So, we take an average
to get the final parameter vector. In the following section we discuss the
theoretical bounds that we were able to achieve.

4.1.2.1 Analysis

Lets analyse this scenario by assuming k& machines having the input dataset
split across them. Let R; be the objective due to i** node.

Let w* be the minimizer of the global objective and r* be the optimum
objective value i.e.,

k k
w* =argmin ¥ R;(w); 7" =) Ri(w") (4.6)
w i=1

i=1
Let w} be the minimizer of the local objective at i node. Let 7° be the
sum of the local optimum objectives.

k
w; = argmin R;(w); r = Z R;(w;) (4.7)
w =1

Let w be one-shot averaging solution and 7 be the global objective due
to one-shot average parameters.

k k
1 . _ _
W= ;wi, T = 2 R;(w) (4.8)
Clearly by definition, the following holds,
rP<r*<f (4.9)

Let wP be the partial consensus solution and let r? be the corresponding
global objective and r! = Zle R;(w?) is sum of local objectives under
partial consensus
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Assuming each R; be a-strongly convex and [-smooth, the difference
in the objective due to averaging the parameters can be upper and lower
bounded by the following inequalities.

k k
a . B
g2 ller ol < (F-r) <53 et -wl® @10
=1 =1
a k 6 k
g llef — @ <07 ) <5 el @l ()
=1 i=1

In order to ensure that r? < ¥, the following condition needs to be
satisfied.

k k
(6%
PO fwf @ < O3 - w? (412)
=1 =1

In 4.12, the right hand side of the inequality is a constant and the left
hand side varies. It is difficult to ensure that this inequality holds because
in general § > « and it depends on the variance in the parameters. This
motivated us to see if we can fix the free parameters which makes the variance
in the parameters zero after the optimization.

4.1.2.2 What if the free parameters are fixed?

Now consider another vector w = ['w1 'wg}T and we fix wsy to the one-shot
parameter average and we optimize the global objective w.r.t w;.

W= argmin Z R;(w) (4.13)

[wiwe]|Twe=w2 ;,

Now the global objective calculated at w should be better than the ob-
jective due to one-shot average.

ZRi(w*) < ZR,’(QIJ) < ZRi(w) (4.14)

Hence, if we fix the free parameters, and perform distributed consensus
on the other parameters, it is guaranteed that we get a solution which is
better than the one-shot average. However, this kind of guarantee cannot be
ensured if we do not fix the free parameters. This behaviour is observed in
experiments also.
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Effect of free parameters

—e— Partial Consensus
Free Parameters Fixed

Log Suboptimality
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Percentage of parameters shared

Figure 1: Effect of free parameters

From the empirical evaluations, we realized that the variance in the un-
constrained parameters increased after the optimization is performed. Hence,
the final average of these unconstrained parameters among the nodes might
not be close to the optimal parameters.

The results of this experiment turned out to be better than the partial
consensus problem. The results for one dataset are shown in the figure 1.
This result motivated us to try Block Coordinate Descent method which is
discussed in next section.

4.2 Primal Block Coordinate Descent using
ADMM (ADMM-BCD)

Based on the analysis from previous section, we implemented this method.
In this method, we select a block of parameters and perform distributed
optimization w.r.t that block while keeping the remaining parameters fixed.
This is repeated for various choices of the blocks in cyclic fashion. This is
analogous to Coordinate Descent but instead of optimizing w.r.t one variable,
we select a set of variables. The communication cost in each iteration will
be equal to the size of the block chosen.

Let w € R™ be the parameter vector and w = ['w” wC]T such that
w' € R" and w® € R*"".
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Now the optimization problem can be defined as follows:

k m;
1 T
: —||w? 2 C 2
U 32 R
s.t. Yiwi ey > 1— &5, Vi=1,2,... kVj=1,2...,m

w; =2z,Vi=12 ...k
w; =bVi=12,....k
beR"™"
(4.15)
Where, z is the global variable which ensures equality among the param-
eters wy, across the nodes. The other n — r parameters remain fixed and
equal to the vector b in all the nodes.
This optimization can be solved using ADMM and in the similar lines of
derivation in 3.1.5. The ADMM update rules are as follows.

| N 2 P
wi Y = avgmin o wf| P+ C Y€+ Sllwi — 2+ X

k2

s.t. yingwij >1-— &],Vj = 1,2, s,y

1 (4.16)
t+1 v(t+1)
#=0 > w;
i=1
1 v(t+1
)\2+ :>\§+wi( ) ttl

The constraint in the above local problem can be written as,

yijwawfj >1—cy—&; (4.17)
Where x;; = [:Bfg :E‘{j}T is split according to the indices of w; and

wi. ¢i; = yiwi’ Tf; is the constant throughout the optimization and can be

precomputed for efficiency.
The equivalent dual form for the above objective is,

min  f(a) = gaT(QTQ + D)+ ph(z! = ADTQa + cfa — 1T

subject to 0 < o < 00,V
(4.18)

21



Where,
k

h—
1+ pk
Q is matrix with y;;7; as columns
D is diagonal matrix with D;; = 1/2C

The primal and dual variables are related by,
w! = hQa + ph(zt — X} (4.19)
Now, the gradient of the above objective w.r.t « is,

Vf=QTw!+ Da+c;—1 (4.20)

Gradient w.r.t one coordinate «; is,

ij = ijfTa:;’ + DjjOéj + Cij —1 (421)

This result is similar to that of 3.1.5 and we can use Dual Coordinate
Ascent to solve this problem. The Local Solver algorithm for Primal Block
Coordinate Descent is given in Algorithm 4. Here it can be observed that
the optimization happens w.r.t only r parameters and all other parameters
are fixed. The terms involving the fixed parameters are precomputed and
can be reused efficiently.

The distributed algorithm for Primal Block Coordinate descent is given
in Algorithm 5. Here, we start with the one-shot average parameter vector
in each node. At each iteration, we choose a set of parameters and optimize
for equality on those parameter while minimizing the objective function.

This process is repeated multiple times by choosing different blocks in
cyclic fashion. The key advantage of this method is that ADMM requires
less iterations when the no. of constraints is less. Also the communication
delay is also relatively less as only r variables are shared in each iteration.
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Algorithm 4 Local Dual Coordinate Descent Solver for ADMM-BCD (Lo-
calBCD)

Input: o, z, A and ¢
Data: Local training data D = {(&¥, v;) }/",
Initialize a® = & and w*® = LY quyix? + ph(z — A)
t=20
while o' is not optimal do
for:=1...m do
t=t+1
Gi = yivamf + l)“Oéz +c—1
l'IliIl(O, Gl) if a; = 0,
G; Otherwise.
if PG; # 0 then
!ttt = max(al — G;/(hx?Tx?),0)
wv(tJrl) — wv(t) + (O./;H_l o af)hyl.’cf
else
ot = of
w'v(t-i-l) — wv(t)
end if
end for
end while
Aa =o' — «
Aw? = w*® — 2
return (Ao, Aw")

PG, =

0
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Algorithm 5 ADMM - Primal Block Coordinate Descent

Data: Training data D = {(x;, ;) }1*, split across k& machines
Initialize @) = 0, w° = w? = w2 =0 and X! =0,Vi=1...k
forp=1...T do
/*Choose block of coordinates from w. Let w? be variable part and w*®
be the fixed part */

w; = [wy w] | Vi=1..k

for alli=1...%k do in parallel
/* Precompute the constant part ¢; in parallel */

Cij = yij'lUme,?j, Vj =1... m;
end for
t=0

while 2! is not optimal do
for all i =1...k do in parallel
(A, Aw?) = LocalBCD(ad, 2, AL, ¢;)
ol = q; + Ay

V) _ z' + Aw?

end for

2 =2t 4 LS Aw? /* Collect using All-Reduce */
//Broadcast 2! to all nodes
A = AL+ 'w;-v(tﬂ) — 2" Vi=1...k /* Update dual variables in
parallel */
t=t+1
end while
end for
return w;
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Chapter 5

Experiments

5.1 Framework

We have performed the empirical evaluation on Apache Spark [8] cluster,
with input dataset stored in Hadoop file system which exists on the same
cluster. The cluster has 23 nodes of which one is used as a master and the
remaining 22 nodes are used as slaves. Each node in the cluster has 16GB
RAM and 8-core 2.0 GHz processor.

The worker processes are launched by driver program at the master using
map-step. By default, Spark doesn’t support storing state at the worker
node after an iteration, but this is required by our algorithm. Hence, for
communicating the parameters and updating the average of parameters, we
have used custom implementation of akka actors, a distributed message-
passing system.

For a better communication throughput, the nodes are arranged in the
form of a tree and All-Reduce is used for aggregating the updates from nodes
and broadcasting the average to the workers.

5.2 Datasets

We have used the following datasets collected from the Libsvm repository
[9]. The details of the datasets are shown in the following table.

5.3 Methods evaluated

We have evaluated the following methods on the above mentioned datasets
by solving L2-Regularized Square Hinge loss SVM.
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Name #Features | #Instances (Train/Test)
url 3,231,961 1,677,291/718,839
kdda 20,216,830 8,407,752/510,302
splice-site 11,725,480 500,000/231,390
news20 1,355,191 11,996/8,000
rcv 47236 677399/20242

Table 5.1: Datasets used for empirical evaluation

5.3.1 ADMM

The ADMM method has been implemented using Dual Coordinate Ascent
(DCA) as the local solver for each worker. This solver is adopted from
LibLinear package.

5.3.1.1 HotStart

This is an improvement to the traditional ADMM method with some runtime
optimizations. Since, the local problem is solved in dual, we can retain both
the primal and dual variables from previous iteration and use them as a
starting point for current iteration. This speeds up the local solver.

5.3.2 Primal Block Coordinate Descent using ADMM
(ADMM-BCD)

This method is an attempt to solve the problem with less communication
cost. Here we solve the distributed optimization w.r.t only few selected
coordinates while keeping others constant. This results in reduction of the
vector length that is shared across nodes in each iteration. This process is
repeated for various blocks of coordinates in cyclic fashion. The choice of
the coordinate/features is based on the variance observed in the parameters
after one-shot training in each node.

5.3.3 CoCoA

This method is proposed by Jaggi et. al.(2014). In this method, the problem
is solved using distributed dual coordinate ascent where the dual variables
maintained in each node correspond to the global problem.
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5.4 Results

5.4.1 Metrics used for comparison

We have used the following three metrics to evaluate the performance of the
partial consensus algorithm.

Objective value

Objective value is the most natural choice to evaluate optimization algo-
rithms. Here we comparted the ojective value for various choices of r and for
all the four approaches for parameter selection.

Test accuracy

For each of the datasets, we have taken apart a subset of the examples to be
used as a test set. We calculated the test accuracy of the model obtained for
various choices of r and compared it with the test accuracy obtained by the
optimal model.

F1-Score

When data is skewed, the test accuracy is not a reliable metric for evaluation
of the model. F1-Score gives a better picture on how good the model is.

5.4.2 Analysis
5.4.2.1 Effect of the Block Size

For the URL dataset, we evaluated ADMM-BCD for various block sizes.
As shown in the figure, smaller block sizes are better. Another important
observation here is that there is significant improvement in the first round
and not much later.
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Figure 3: Effect of Block-Size in ADMM-BCD
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5.4.2.2 Suboptimality Vs Time

In this section, the suboptimality of the model being trained is presented
against the wall clock time. Among the datasets used, three are large datasets
namely URL, Kdda and Splice-Site and the other two are relatively small.

From the plots, it is clear that ADMM-HotStart is the best in terms of
approaching towards the optimal solution. The effect of HotStart is signifi-
cant when the number of instances is high. From the plot for News20 dataset,
it is clear that there is no difference between ADMM and ADMM-HotStart.
This is because News20 has very less no. of instances.

ADMM-BCD performed well on the larger datasets but it is poor when it
comes to the smaller datasets. Overall, CoCoA is slower towards convergence
than ADMM.
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Figure 5: Suboptimality Vs. Time
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5.4.2.3 Test Accuracy Vs Time

The test accuracy achieved by each of the algorithms is observed over time,
the plots for the four datasets can be found below.

It is easy to see that all the algorithms are improving the test accuracy
very quickly in the first few iterations. But, ADMM-HotStart is doing rela-
tively better than others.

The dataset Splice-Site is a skewed dataset with only 0.1% positive in-
stances. So, it is not a good idea to rely on test accuracy to evaluate the
methods for this dataset. F1-Score is a better measure which is presented in
next subsection.
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Figure 7: Test Accuracy Vs. Time
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5.4.2.4 F1-Score Vs Time

F'1-Score is a better measure than test accuracy because it handles imbal-
anced datasets well. All the methods have shown a very quick improvement
in F1-Score. Except for Splice-Site, ADMM reported better F1-Score than
other methods. For Splice-Site, CoCoA method reported higher f1-score than
other methods during initial iterations, but later it is converged with other
methods.
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5.4.2.5 Suboptimality Vs Communication Rounds

Here we analyse the progress of various algorithms w.r.t amount of data
It can be observed that ADMM-BCD performs
better than all other algorithms in initial few iterations for high-dimensional
datasets. But, later it becomes slower than ADMM. However, the optimum
test accuracy is attained in the initial few iterations only. In this regard, we
can say that ADMM-BCD might work well when the network bandwidth is

shared across the nodes.

low.
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Figure 11: Suboptimality Vs. Communication Rounds
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Chapter 6

Conclusion

In this project, we attempted to address the key issue i.e., communication
delay, that exists for most of the large-scale distributed optimization algo-
rithms. We started with a formulation called partial consensus optimization
which incurs low communication cost and performs better than one-shot av-
eraging. However, we realized that it is better if we fix the free parameters
during optimization.

Motivated by this, we tried the method ADMM-BCD. It performs well
in the first few iterations but becomes slow later so that the savings in the
communication cost become insignificant. However, w.r.t amount of commu-
nication, ADMM-BCD performed better than others in initial few iterations
for high-dimensional datasets.

From the analysis of empirical results, we can conclude that ADMM
with HotStart is the best method. ADMM incurs less communication cost
compared to other methods, because the local problem is solved exactly.
Whereas, in stochastic methods like CoCoA, the local problem is solved ap-
proximately, hence it requires more communications to reach optimum.

Another important observation is that the optimum test accuracy is
achieved in very few iterations and didn’t improve later. Hence, for binary
classification, solving the problem exactly is not required. The distributed
optimization can be stopped when we see no improvement in the test accu-
racy after few iterations.

ADMM has it’s drawbacks that it requires an exact solver and also it
is slow towards convergence in later iterations. The efficiency of ADMM-
HotStart comes from the fact that we use a Dual Coordinate Ascent (DCA)
Solver for local problem. DCA is a powerful solver for linear classification
and is widely used. Here we use it to improve the distributed optimization
for linear classification.
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