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Abstract. We present a framework for margin based active learning of linear
separators. We instantiate it for a few important cases, some of which have been
previously considered in the literature. We analyze the effectiveness of our frame-
work both in the realizable case and in a specific noisy setting related to the Tsy-
bakov small noise condition.

1 Introduction

There has recently been substantial interest in using unlabeled data together with la-
beled data for machine learning. The motivation is that unlabeled data can often be
much cheaper and more plentiful than labeled data, and so if useful information can be
extracted from it that reduces dependence on labeled examples, this can be a significant
benefit.

There are currently two settings that have been considered to incorporate unlabeled
data in the learning process. The first one is the so-called Semi-supervised Learn-
ing [3U5]], where, in addition to a set of labeled examples drawn at random from the
underlying data distribution, the learning algorithm can also use a (usually larger) set of
unlabeled examples from the same distribution. In this setting, unlabeled data becomes
informative under additional assumptions and beliefs about the learning problem. Ex-
amples of such assumptions are the one used by Transductive SVM (namely, that the
target function should cut through low density regions of the space), or by Co-training
(namely, that the target should be self-consistent in some way). Unlabeled data is then
potentially useful in this setting because it allows one to reduce search space from the
whole set of hypotheses, down to the set of a-priori reasonable with respect to the un-
derlying distribution.

The second setting, an increasingly popular one for the past few years, is Active
Learning [2l6l8]]. Here, the learning algorithm has both the capability of drawing ran-
dom unlabeled examples from the underlying distribution and that of asking for the
labels of any of these examples, and the hope is that a good classifier can be learned
with significantly fewer labels by actively directing the queries to informative examples.
As opposed to the Semi-supervised learning setting, and similarly to the classical super-
vised learning settings (PAC and Statistical Learning Theory settings) the only prior be-
lief about the learning problem in the Active Learning setting is that the target function
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(or a good approximation of it) belongs to a given concept class. Luckily, it turns out
that for simple concept classes such as linear separators on the line one can achieve an
exponential improvement (over the usual supervised learning setting) in the labeled data
sample complexity, under no additional assumptions about the learning problem [IZUEI]E'
In general, however, for more complicated concept classes, the speed-ups achievable in
the active learning setting depend on the match between the distribution over example-
label pairs and the hypothesis class, and therefore on the target hypothesis in the class.
Furthermore, there are simple examples where active learning does not help at all, even
if there in the realizable case (see, for example, [8]]). Recent interesting work of Das-
gupta [8]] gives a nice generic characterization of the sample complexity aspect of active
learning in the realizable case.

A few variants and restrictions of the general active learning setting have also been
considered lately. For instance the Query by Committee analysis [10] assumes realiz-
ability (i.e., there exists a perfect classifier in a known set) and a correct Bayesian prior
on the set of hypotheses [[10]. The analysis of the active Perceptron algorithm described
in [9] relies on an even stronger assumption, of known and fixed distribution.

In the general active learning setting, for the realizable case, Cohen, Atlas and Ladner
have introduced in [6] a generic active learning algorithm. This algorithm is a sequential
algorithm that keeps track of two spaces — the current version space H;, defined as the
set of hypotheses in H consistent with all labels revealed so far, and the current region
of uncertainty R;, defined as the set of all x in the instance space X, for which there
exists a pair of hypotheses in H; that disagrees on x. In round ¢, the algorithm picks
a random unlabeled example from R; and queries it, eliminating all hypotheses in H;
inconsistent with the received label. The algorithm then eliminates those x € R; on
which all surviving hypotheses agree, and recurses.This algorithm was later analyzed
and generalized to the non-realizable case in [2]], and it was shown that in certain cases
it does provide a significant improvement in the sample complexity.

In this paper we analyze a generic margin based active learning algorithm for learn-
ing linear separators and instantiate it for a few important cases, some of which have
been previously considered in the literature. Specifically, the generic procedure we an-
alyze is presented in Figure [l To simplify calculation, we will present and analyze a
few modifications of the algorithm as well.

Our Contributions: We present and analyze a framework for margin based active
learning and also instantiate it for a few important cases. Specifically:

— We point out that in order to obtain a significant improvement in the labeled data
sample complexity we have to use a strategy which is more aggressive than the one
proposed by Cohen, Atlas and Ladner in [6] and later analyzed in [2]. We point
out that this is true even in the special case when the data instances are drawn uni-
formly from the the unit ball in R, and when the labels are consistent with a linear
separator going through the origin. Indeed, in order to obtain a truly exponential
improvement, and to be able to learn with only O (d log ( 1 )) labeled examples, we
need, in each iteration, to sample our examples from a subregion carefully chosen,

! For this simple concept class one can achieve a pure exponential improvement [6] in the real-
izable case, while in the agnostic case the improvement depends upon the noise rate [2]].
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and not from the entire region of uncertainty, which would imply a labeled data
sample complexity of O (dg log (i))

— We show that our algorithm and argument extend to the non-realizable case. A spe-
cific case we analyze here is again the setting where the data instances are drawn
uniformly from the the unit ball in R%, and a linear classifier w* is the Bayes clas-
sifier. We additionally assume that our data satisfies the popular Tsybakov small
noise condition along the decision boundary [14]]. We consider both a simple ver-
sion which leads to exponential improvement similar to the item 1 above, and a
setting where we get only a polynomial improvement in the sample complexity,
and where this is provably the best we can do [4].

— We analyze a “large margin” setting and show how active learning can dramatically
improve (the supervised learning) sample complexity; the bounds we obtain here
do not depend on the dimensionality d.

— We provide a general and unified analysis of our main algorithm — Algorithm [Tl

Structure of this paper: For clarity, we start by analyzing in Section[3]the special case
where the data instances are drawn uniformly from the the unit ball in R, and when
the labels are consistent with a linear separator w* going through the origin. We then
analyze the noisy setting in Section4], and give dimension independent bounds in a large
margin setting in Section 3l We present our generic Margin Based learning algorithm
and analysis in Section [fland finish with a discussion and in Section[7l

2 Definitions and Notation

Consider the problem of predicting a binary label y based on its corresponding input
vector x. As in the standard machine learning formulation, we assume that the data
points (z,y) are drawn from an unknown underlying distribution P over X x Y; X
is called the instance space and Y is the label space. In this paper we assume that
Y = {+1}.

Our goal is to find a classifier f with the property that its expected true loss of err( f)
is as small as possible. Here we assume err(f) = E, y~p [((f(2),y)], where we use
E(4,4)~p to denote the expectation with respect to the true (but unknown) underlying
distribution P. Throughout the paper, without loss of generality, we assume that f(x) is
areal-valued function, which induces a classification rule 27 (f(z) > 0) —1, where I(+)
is the set indicator function. The decision at f(x) = 0 is not important in our analysis.
We consider in the following the classification error loss, defined as ¢(f(z),y) = 1 if
f(z)y < 0and ¢(f(x),y) = 0 otherwise. We denote by d(f, g) the probability that the
two classifiers f and g predict differently on an example coming at random from P.
Furthermore, for o € [0, 1] we denote by B (f, «) the set {g | d(f,g) < a}.

In this paper, we are interested in linear classifiers of the form f(x) = w - x, where
w is the weight vector which we need to learn from training data. We are interested
in using active learning (selective sampling) algorithms to improve the performance of
linear classification methods under various assumptions. In particular, we are interested
in margin based selective sampling algorithms which have been widely used in practical
applications (see e.g. [13]]). A general version of the type of algorithm we analyze here



38 M.-F. Balcan, A. Broder, and T. Zhang

Input: unlabeled data set i/ = {z1,x2,...,}
a learning algorithm .4 that learns a weight vector from labeled data
a sequence of sample sizes 0 < 1 < M2 < ... < Mg = Mst1

a sequence of cut-off values by, > 0(k=1,...,9)
Output: classifier ws;.
Label data points z1, ..., xs, by a human expert
iterate k =1,...,s
use A to learn weight vector wy, from the first my, labeled samples.
fOl‘j:’ﬁlk-i-l,...,’ﬁ’LkJrl

if |y, - ;| > by, then let y; = sign(wy, - x;)
else label data point ; by a human expert
end for
end iterate

Fig. 1. Margin-based Active Learning

is described in Figure [1l Specific choices for the learning algorithm A, sample sizes
my,, and cut-off values by, depends on various assumptions we will make about the data,
which we will investigate in details in the following sections.

3 The Realizable Case Under the Uniform Distribution

We consider here a commonly studied setting in the active learning literature [Z/8l[0].
Specifically, we assume that the data instances are drawn uniformly from the the unit
ball in R9, and that the labels are consistent with a linear separator w* going through
the origin (that is P(w* - 2y < 0) = 0). We assume that ||w*||s = 1. It is worth noting
that even in this seemingly simple looking scenario, there exists an {2 (1 (d + log (15))
lower bound on the PAC learning sample complexity [12].

We start by informally presenting why active learning is in principle possible, at
least when d is constant. We show it is not difficult to improve the labeled data sample

complexity from O(?) to O(d 3 log (1)) Specifically, let us consider Procedure [I]

where A is a learning algorithm for finding a linear classifier consistent with the training
data. Assume that in each iteration k, A finds a linear separator wy, ||wg|2 = 1 which
is consistent with the first 7y, labeled examples. We want to ensure that err(wy) <
;,c (with large probability), which (by standard VC bounds) requires a sample of size

iy, = O(2Fd); note that this implies we need to add in each iteration about mjy =

Mpgp1 — My = O(Q"'d) new labeled examples. The desired result will follow if we can
show that by choosing appropriate by, we only need to ask the human expert to label
O(d®?) out of the my = O(2kd) data points and ensure that all m, data points are
correctly labeled (i.e. the examples labeled automatically are in fact correctly labeled).

Note that given our assumption about the data distribution the error rate of any
given separator w is err(w) = O(w;rw*), where 6(w,w*) = arccos(w - w*). There-
fore err(wy) < 27F implies that ||y — w*||2 < 27Fx. This implies we can safely
label all the points with |wy, - x| > 2=k because w* and Wy predict the same on those
examples. The probability of z such that |iy, - z| < 27 %7 is O(27%v/d) because in high
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dimensions, the 1-dimensional projection of uniform random variables in the unit ball
is approximately a Gaussian variable with variance 1/d. Therefore if we let by = 2~ F7
in the k-th iteration, and draw my41 — my = O(2¥d) new examples to achieve an
error rate of 2= (K1) for 4,41, the expected number of human labels needed is at most
O(d 5 ). This essentially implies the desired result. For a high probability statement, we
can use Procedure[2] which is a modification of Procedure[Tl

Input: allowed error rate ¢, probab. of failure 6, a sampling oracle for Px, a labeling oracle
a sequence of sample sizes my > 0, k € ZT; a sequence of cut-off values b, > 0,k € Z+
Output: weight vector W, of error at most € with probability 1 — 6
Draw m1 examples from Px, label them and put into a working set W (1).
iterate k =1,...,s
find a hypothesis wy, (||tr||2 = 1) consistent with all labeled examples in W (k).
let W(k+1) =W(k).
until my41 additional data points are labeled, draw sample x from Px
if [y, - x| > by, reject x
otherwise, ask for label of x, and put into W (k + 1)
end iterate

Fig. 2. Margin-based Active Learning (separable case)

Note that we can apply our favorite algorithm for finding a consistent linear sepa-
rator (e.g., SVM for the realizable case, linear programming, etc.) at each iteration of
Procedure[2] and the overall procedure is computationally efficient.

Theorem 1. There exists a constant C, s. t. for any €,5 > 0, using Procedure 2 with
by = 51 and my = Cd> (dind+1In %), after s = [log, ! iterations, we find a
separator of error at most € with probability 1 — 0.

Proof. The proof is a rigorous version of the informal one given earlier. We prove by
induction on k that at the k’th iteration, with probability 1 — §(1 — 1/(k+ 1)), we have
err(w) < 27* for all separators 1 consistent with data in the set W (k); in particular,
err(iy) < 27F.

For k = 1, according to Theorem [7] in Appendix [Al we only need m; = O(d +
In(1/6)) examples to obtain the desired result. In particular, we have err(w;) < 1/2
with probability 1 — 6/2. Assume now the claim is true for k& — 1. Then at the k-th
iteration, we can let 51 = {z : |Wg—1 - x| < bg—1} and Sy = {x : |Wr—1 - z| > br—1}.
Using the notation err(w|S) = Pry((w - z)(w* - x) < 0|z € S), for all & we have:

err(w) = err(w|Sy) Pr(Sy) + err(w|S2) Pr(S2).

Consider an arbitrary @ consistent with the data in W (k — 1). By induction hypothesis,
we know that with probability at least 1 — §(1 — 1/k), both w1 and @ have errors
at most 21 ~F (because both are consistent with W (k — 1)). As discussed earlier, this
implies that |[1;_1 — w*|2 < 2! F7 and || — w*||2 < 2'7*7. So, Vo € Sa, we have
(W—1 - x)(w - ) > 0 and (Wg—1 - z)(w* - ) > 0. This implies that err(w|Sz) =
0. Now using the estimate provided in Lemma [ with v; = b1 and 12 = 0, we
obtain Pr,(S1) < by_1+/4d/7. Therefore err(w) < 227%/drd - err(|Sy), for all
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consistent with W (k — 1). Now, since we are labeling my, data points in S at iteration
k —1, it follows from Theorem[Zlthat we can find C's. t. with probability 1—§/(k%+ k),
for all @ consistent with the data in W (k), err(w|S1 ), the error of @ on S, is no more
than 1/(4v/4md). That is we have err(w) < 2~* with probability 1 — §((1 — 1/k) +

1/(k*+k)) =1—6(1 —1/(k + 1)) for all @ consistent with W (k), and in particular
err(iy,) < 27F, as desired. O

The choice of rejection region in Theorem [I] essentially follows the idea in [6]. It was
suggested there that one should not sample from a region (S2 in the proof) in which all
classifiers in the current version space (in our case, classifiers consistent with the labeled
examples in W (k)) predict the same label. A more general version, with theoretical
analysis, was considered in [2]]. Here we have used a more a refined VC-bound for the
realizable case, e.g., Theorem[7] to get a better bound. However, the strategy of choosing
by, in Theorem/[d] (thus the idea of [6]) is not optimal. This can be seen from the proof,
in which we showed err(w;|S2) = 0. If we enlarge So (using a smaller by,), we can still
ensure that err(iwg|Ss) is small; furthermore, Pr(S; ) becomes smaller, which allows us
to use fewer labeled examples to achieve the same reduction in error. Therefore in order
to show that we can achieve an improvement from 10) ( f) to O(d log (1)) as in [9], we
need a more aggressive strategy. Specifically, at round k& we set as margin parameter

1 . .
b, = O( ;f\(/lil) ) , and in consequence use fewer examples to transition between rounds.

In order to prove correctness we need to refine the analysis as follows:

Theorem 2. There exists a constant C' s. t. for d > 4, and for any €,6 > 0, € <
1/4, using Procedure @ with my, = C+/In(1 +k) (dIn(1 +1Ink) + In ) and by, =
21=Frd=2\/5 4+ In(1 + k), after s = [log, 1] — 2 iterations, we find a separator of
error < € with probability 1 — 6.

Proof. As in Theorem[Il we prove by induction on & that at the ’s iteration, for k& < s,
with probability at least 1 — 6(1 — 1/(k + 1)), we err(w) < 27%=2 for all choices of @
consistent with data in the working set W (k); in particular err(iy) < 27%=2,

For k = 1, according to Theorem[7] we only need mj, = O(d + In(1/6)) examples
to obtain the desired result; in particular, we have err(w;) < 27%~2 with probability
1—6/(k+1). Assume now the claim is true for k—1 (k > 1). Then at the k-th iteration,
we canlet S1 = {x : |Wp—1 - x| < bg—1} and S2 = {x : |W_1 - ¢| > by_1}. Consider
an arbitrary « consistent with the data in W (k — 1). By induction hypothesis, we know
that with probability 1 — §(1 — 1/k), both ,_; and @ have errors at most 2-%~1,
1mply1ng O(wp—1,w*) < 2751 and O(w, w*) < 2% 1. Therefore 0(w, wy—1) <
27 k7. Let 3 = 27 % and using Cosﬂ/ smﬂ < 1/5 and smﬂ < ﬂ it is easy to verify

that b,_1 > 2sin Sd—1/2 \/5 +1In (1 + \/ln max(1, cos B/ sinB)) . By Lemmal[l we
have both

Pr, (1 - 2)(@ - z) < 0,2 € So] < P < mﬁ and

— eb cosﬁ -

Pr, [(g—1 - z)(w* - z) < 0,z € S3] < sinf \/25,

— eScosfB —
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Taking the sum, we obtain Pr, [(@ - z)(w* - ) < 0,2 € Sa] < 2\6/525 < 27 (k+3) Us-
ing now Lemma[ we get that for all « consistent with the data in W (k — 1) we have:

err(i) <err(w|S1) Pr(Sy) + 27 %+ < err(ig| Sy )b_1/4d /7 4 27 FF3)
<9~ (k+2) (err(w|51)16\/47r\/5 +1In(1+ k) + 1/2) :

Since we are labelling my, points in S at iteration k — 1, we know from Theorem[7] that
3C s. t. with probability 1 — 6 /(k + k) we have err(iy,|S1)16v/47+/5 + In(1 + k) <
0.5 for all 1 consistent with W (k); so, with probability 1 —§((1—1/k)+1/(k+k?)) =
1—6(1—1/(k+1)), we have err(w) < 2752 for all 1 consistent with W (k). O

The bound in Theorem 2] is generally better than the one in Theorem [ due to the
improved dependency on d in my,. However, m;, depends on v/InklInlnk, for k& <
[log, '] — 2. Therefore when d < Ink(Inln k)?, Theorem [ offers a better bound.
Note that the strategy used in Theorem [2|is more aggressive than the strategy used in
the selective sampling algorithm of [2l6]. Indeed, we do not sample from the entire
region of uncertainty — but we sample just from a subregion carefully chosen. This
helps us to get rid of the undesired d'/2. Clearly, our analysis also holds with very small
modifications when the input distribution comes from a high dimensional Gaussian.

4 The Non-realizable Case Under the Uniform Distribution

We show that a result similar to Theorem [2l can be obtained even for non-separable
problems. The non-realizable (noisy) case for active learning in the context of classi-
fication was recently explored in [2/4]. We consider here a model which is related to
the simple one-dimensional problem in [4]], which assumes that the data satisfy the in-
creasingly popular Tsybakov small noise condition along the decision boundary[14].
We first consider a simple version which still leads to exponential convergence similar
to Theorem[2l Specifically, we still assume that the data instances are drawn uniformly
from the the unit ball in R, and a linear classifier w* is the Bayes classifier. However,
we do not assume that the Bayes error is zero. We consider the following low noise
condition: there exists a known parameter 5 > 0 such that:

Px(|P(Y =1X) — P(Y = —1|X)| > 48) = 1.

In supervised learning, such a condition can lead to fast convergence rates. As we will
show in this section, the condition can also be used to quantify the effectiveness of
active-learning. The key point is that this assumption implies the stability condition
required for active learning:

o\ 1/(1—a)
40(U;T7w )) < err(w) — err(w*) e

[ min (1,
with & = 0. We analyze here a more general setting with o € [0,1). As mentioned
already, the one dimensional setting was examined in [4]. We call err(w) — err(w*)

the excess error of w. In this setting, Procedure 2l needs to be slightly modified, as in
Figure[3
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Input: allowed error rate ¢, probab. of failure 6, a sampling oracle for Px, and a labeling oracle
a sequence of sample sizes my > 0, k € ZT; a sequence of cut-off values b, > 0, k € Z+
a sequence of hypothesis space radii 7, > 0,k € ZT;
a sequence of precision values ¢, > 0,k € Z
Output: weight vector w, of excess error at most € with probability 1 — §
Pick random o: ||wol|2 = 1.
Draw m; examples from Px, label them and put into a working set V.
iterate k = 1,...,s
find Wy € B(wk—1,7k) (||wk||2 = 1) to approximately minimize training error:
Z(;p,,y)ew I(wk : xy) < minweB(wk,l,'rk) Z(gc,y)ew I(w ! l‘y) + Mkek.
clear the working set W
until m4 1 additional data points are labeled, draw sample x from Px
if |y - x| > by, reject x
otherwise, ask for label of x, and put into W
end iterate

Fig. 3. Margin-based Active Learning (non-separable case)

Theorem 3. Let d > 4. Assume there exists a weight vector w* s. t. the stability con-
dition (1) holds. Then there exists a constant C, s. t. for any €,6 > 0, ¢ < (3/8, us-
ing Procedure 3 with by, = 2_(1_“)’%0{_1/2\/5 +akln2—Inf+In(2+k), rp =
20—k =20 fork > 1,1 =, € = 27“(k*1)74ﬁ/\/5 +akln2 —Ing+1In(1+k),
andmy, = Ce;,* (d + In ’g) after s = [logy(8/¢€)] iterations, we find a separator with
excess error < e with probability 1 — 6.

Proof. The proof is similar to that of Theorem[2l We prove by induction on k that after
k < s iterations, err(wy,) — err(w*) < 27%3 with probability 1 — 6(1 — 1/(k + 1)).
For k = 1, according to Theorem[§] we only need m;, = 3720(d + In(k/6)) exam-
ples to obtain w; with excess error 2~% 3 with probability 1—6/(k+1). Assume now the
claim is true for kK — 1 (k > 2). Then at the k-th iteration, we can let Sq = {z : |Wg_1 -
x| < bg_1}and So = {x : [Wk_1 - x| > br_1}. By induction hypothesis, we know that
with probability at least 1 — §(1 —1/k), @y, has excess errors at most 27++13, imply—
ing (w1, w*) < 2 (1=)(k=17 /4. By assumption, 0(d_1, ;) < 2717k
Let3=2" (1-)k— 27 and using cos 3/ sinf3 < 1/5 and sin 8 < 3, it is easy to Venfy

that by_; > 2sinBd~/2,[5+ akln2 —InS3+In <1 + \/ln(cosﬁ/ sinB)). From

Lemmal[7] we have both ) i
Pr, (1 - 2)(Wp - x) < 0,3 € So] < S0 < V2E g

eSp12ok cos 3 — 2‘”?"
~ i 2,
Pro (1 - 2)(w" - 2) <0,z € S <, Tmf < Y20

Taking the sum, we obtain Pr, [(@y - z)(w* - ) < 0,2 € Sy] < 22\({%56 < 2= (kg
Therefore we have (using Lemma[4):

err(wy) — err(w*) <(err(wy|Sy) — err(w*|Sy)) Pr(Sy) + 2~ *+13
<(err(ip|S1) — err(w*|S1))bp—1/4d/m + 27+ D3
<278 ((exr(tg| S1) — exr(w*[S1))v/7/(4ex) +1/2) .
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By Theorem [7I we can choose C' s. t. with my samples, we obtain err(wy|S1) —
err(w*|S1) < 2ex/+/m with probability 1 —6/(k+k?). Therefore err(wy,) —err(w*) <

27k 3 with probability 1 — 6((1 — 1/k) + 1/(k+ k%) =1-6(1 - 1/(k+1)). D

If o = 0, then we can achieve exponential convergence similar to Theorem 2] even for
noisy problems. However, for a € (0, 1), we must label >°, my, = O(e 2> In(1/€)(d+
In(s/9)) exampleﬂ to achieve an error rate of ¢ That is, we only get a polynomial
improvement compared to the batch learning case (with sample complexity between
O(e72) and O(e™1)). In general, one cannot improve such polynomial behavior — see
for some simple one-dimensional examples.

Note: Instead of rejecting « when |wy, - x| > by, we can add them to W using the
automatic labels from 1. We can then remove the requirement wy, € B(wg—_1,7%)
(thus removing the parameters 7). The resulting procedure will have the same con-
vergence behavior as Theorem 3] because the probability of making error by 10, when
|ty - | > by, is no more than 2~ (F+2) 3,

5 Dimension Independent Bounds

Although we showed that active learning can improve sample complexity, the bounds
depend on the dimensionality d. In many practical problems, such dependency can be
removed if the classifier can separate the data with large margin. We consider the fol-
lowing simple case, with & drawn from a d-dimensional Gaussian with bounded total
variance: © ~ N(0,Y), ¥ = diag(c?,...,03) and oy > --- > g4 > 0. Note that
E.[[z[|3 = >, 0%. The Gaussian assumption can also be replaced by other similar
assumptions such as uniform distribution in an ellipsoid. We employ the Gaussian as-
sumption for computational simplicity. We assume further that the label is consistent
with a weight vector w* with ||w*||2 = 1. However, if we do not impose any restric-
tions on w*, then it is not possible to learn w* without the d-dependence. A standard
assumption that becomes popular in recent years is to assume that w™* achieves a good
margin distribution. In particular, we may impose the following margin distribution
condition Vv > 0:

(w2l <7) < 27 (2)

Condition (2) says that the probability of small margin is small. Since the projection

*

w* - x is normal with variance 0® = 3 o7 (w})?, the margin condition (2) can be
J
replaced by

[w*lls =0 (3)

where ||{]|x = \/ > 202, which says that the variance of z projected to w* is at least
0. This condition restricts the hypothesis space containing w* so that we may develop
a learning bound that is independent of d. Although one can explicitly impose a margin

constraint based on (3), for simplicity, we shall consider a different method here that

2 We are ignoring dependence on (3 here.
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approximates w* with a vector in a small dimensional space. Lemma [l shows that it is

. > otww
possible. For w,w’ € R, we define 05 (w,w') = arccos ij”;”wﬁ”;

Lemma 1. If w* with ||w*||s = 1 satisfies (3) and let w*[k] = [w},...,w},0,...,0],
then sin 0 (w*, w*[k]) < op41/0.
Proof. By assumption, we have:

. - Y o (w))? >4 (w})? ¥, (wr)?
Sln(ez(w , W [k]))z = ijijaf(wjgz S O-I%Jrl Zfi :;}z(w*)z —= I%Jrlz 2(w )2 -

(o141/0)?, as desired. O
Note that the error of classifier w is given by err(w) = 92(“7’7’“’*) . Therefore Lemmall

shows that under the margin distribution condition (2), it is possible to approximate w*
using a low dimensional w* [k] with small error. We can now prove that:

Theorem 4. Assume that the true separator w* with ||w*|o = 1 satisfies (3). There
exists C's. 1. Ve, 8 > 0, e < 1/8, using Procedure@with by, = 2'~*r/5 4+ In(1 + k),
bo = 0, d, = inf{¢: sin(2_(k+4)e_bi—1/27r >opi1/ot, e =2 nfork > 1,r =
T, ek =27°/\/5+ (1 + k), and my, = Ce;,> (d + 10 ), after s = [log, (1)] — 2
iterations, we find a separator with excess error < € with probability 1 — 6.

Proof. We prove by induction on k that after £ < s iterations, err(wy) — err(w*) <
2~ (k+2) with probability 1 — 6(1 — 1/(k + 1)). Note that by Lemma[l the choice of
dy, ensures that 0 (w*, w*[dy]) < 2737, and thus err(w*[dg]) < 27 *+3),

For k = 1, according to Theorem[7] we only need mj, = O(dj, + In(k/§)) examples
to obtain 1y € H|[d}] with excess error 2~ (¥+2) with probability 1 —§/(k+1). Assume
now the claim is true for £k — 1 (k > 2). Then at the k-th iteration, we can let S; =
{x : |wp—1 x| <bg_1}and So = {x : [Wr_1 - | > br_1}. By induction hypothesis,
we know that with probability at least 1 — 6§(1 — 1/k), wy—1 has excess errors at most
2~ (k+1) implying O(p—1,w*) < 2-*FD7x By assumption, 0(dg—1,dy) < 27Fn
Let 5 = 2 %7 and use cos ﬂ/ sinf < 1/5 and sin 3 < f3, it is easy to verify that the

following inequality holds b1 > v/2sin B\/E) +1In <1 + \/ln(cos 3/ sin B)) .

Let P = Pry [(Wr—1 - x) (W - ) < 0,2 € So|, and let (&1,&2) ~ N(0, [ax2) and
0 = 05 (10, wx—_1). By Lemma[3l we have

P =2 lzr [£1 < 0,81 cos(0) + &asin(0) > by—_1]
<2 I;r [51 <0, + & sin(B)/cos(ﬁ) > bk_l/cos(ﬁ)]
< sinﬂ~ (1 + \/ln(cos(ﬁ)/sin(ﬁ))> —b%_1/(2ssin( ‘/26

cos 3 ed

Similarly, we also have Pr,, [(wr—1 - z)(w* - z) < 0,z € S3] < ‘/e%ﬁ This implies that
Pr, [(W - z)(w* - 2) < 0,7 € S5] < 2‘6/5% < 2~ (#+3) Now using Lemmal2l we have

err(wy,) <err(wg|S1) Pr(S1) + 2~ (k+3) < err(wk|51)bk_1/\/27r + 2~ (k+3)
<2~ (k+2) (err(zizk\Sl)S\/5 +In(1+k)+ 1/2) .
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we know it is possible to choose a constant C' such that with my samples we have
err(i|S1)8+/5 + In(1 + k) < 0.5 with probability 1 — &/(k + k2). Hence err(wy,) <
27k=2 with probability 1 — §((1 — 1/k) + 1/(k+k?))=1-6(1—1/(k+1)). D

Our choice of dj ensures that err(w*[dy]|S1) < 27¢/4/5 + In k. From Theorem [

Input: allowed error rate €, probab. of failure 8§, a sampling oracle for Px, and a labeling oracle
X = diag(oi,...,03), asequence of sample sizes my > 0,k € Z T
a sequence of cut-off values by, > 0, k € Z* and one of hypothesis space radii r, > 0,k € Z+
a sequence of hypothesis space dimensions d, > 0,k € Z*
a sequence precision values e > 0,k € Z7T.
Output: weight vector w, of excess error at most € with probability 1 — §
Pick random wo: |05 = 1.
Draw m; examples from Px, label them and put into a working set W.
iterate k =1,...,s
find 0, € H[dk] (||0k||s = 1, ||k — Wr—1||x < 2(1 — cos(rk))) such that
Z(:(:,y)EW I(ty - 559) < mpyer,
where H[dy] = {w € R" : wa, 41 = --- = wg = 0}
clear the working set W
until m4 1 additional data points are labeled, draw sample x from Px
if |wy - x| > by, reject x
otherwise, ask for label of x, and put into W
end iterate

Fig. 4. Margin-based Active Learning (with low-dimensional approximation)

Using a more refined ratio VC-bound, one can easily improve the choice of my =
Ce;?(dg +1n(k/8)) tomy, = Ce ' (dy In e~ +1n(k/8) in TheoremMl In Algorithm[l
instead of putting constraint of wy, using 7y, one can also use wy_; to label data x and
put them into the working set W such that |wy_1 - x| > bi_1, which introduces error at
most 2~ (*+3) One may then train a 0, using labeled data in TV without the constraint
lig — -1 < 2(1 — cos(rk)); the results will be similar.

The sample complexity of Procedure [ depends on dj, which is determined by the
decay of oy instead of d. In particular we can consider a few possible decays with
d = oo:

- Assume o, < O(277F) with constant 3 > 0, which is the eigenvalue decaying
behavior for exponential kernels. In this case dj is O(k//3). Therefore we only
need my, = O(k? In k) examples at each iteration k.

— Assume o, < O(k~?) with constant 3 > 0, which is the eigenvalue decaying
behavior for spline kernels. In this case dj, is O(2%/#). Therefore we need my =
O(?k/ ) examples at each iteration k. The total samples needed to achieve accuracy
eis O(e~ /7). Note that when 3 > 1, we achieve faster than O(1/e).

— When the total variation is bounded: ) ; 07 < 1, which means that || (| is bounded
on average (corresponding to standard large margin kernel methods with bounded
[|]|2), then o}, < 1/v/k. Therefore we can take dj, = O(22*) and my, = O(22).

The total sample size needed to achieve accuracy € is O(e~2). The constant will
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depend on the margin o/ \/ > j ajz- but independent of the dimensionality d which
is infinity.

6 A General Analysis for Margin Based Active Learning

We show here a general bound for Algorithm [l based on assumptions about the algo-
rithm A, the sample sizes my, and the thresholds by. This is a more abstract version of
the same underlying idea used in proving the results presented earlier in the paper.

Theorem 5. Consider Algorithm [l Let A be empirical risk minimization algorithm
with respect to the hypothesis space H and assume that given €,6 > 0, with m >
M(H, e, 6) samples, we have distribution free uniform convergence bound. ILe.:

P [sup,,ep |[BI(w- 2y <0)— 137" I(w -z, <0)| <] >1-6. (4)
Let 6 € (0, 1) be the probability of failure. Assume that we ensure that at each stage k:

— Choose margin threshold by, such that with probability 1 — 0.56 /(k + k?), T,
P((g—1 - o) (s - ) <0, [thg—1 - x| > bp—1) < 272 and P(ib, - vy < 0) <
inf ez err(w) + 27 F+2),

- Take my, = 1y, — mp_1 = M(H, 2~ 53 0.56/(k + k?)).

Then after s iterations, err(ws) < inf,,ecp err(w) + 275 with probability at least 1 — 6.

Proof Sketch: By the assumption on my, with probability 1 — §/(k + k?), we have:
err(wy) < Py -xy < 0,2 € S1) + P((wy - @) (s - ) < 0,2 € Sa) + Py - zy <
0,z € S3) < P(wg-zy <0,z € S1)+P((wg-x)(wWg—1-x) <0,z € S2)+P(ws-ay <
0,2 € S2)+2~ 2 < P(i, -2y < 0,2 € S1)+ P((ws-2)(Wp—1-7) < 0,2 € So)+
Py -2y < 0,2 € Sp)+2-27F+2) <err(w,) +3-27*F+2) <inf,,cq err(w)+27F.

]

In order to obtain a robust active learning algorithm that does not depend on the underly-
ing data generation assumptions, one can estimate M (H, €, ) using sample complexity
bounds. For example, we have used standard bounds such as Theorem [§]in earlier sec-
tions. A similar approach is taken in [2]]. One can also replace (4) with a ratio uniform
convergence bound such similar to the realizable case VC bound in Theorem [7l For
some problems, this may lead to improvements.

In principle, it is also possible to estimate by using theoretical analysis. We only
need to find by such that when wy - © > by, no weight vector w can disagree with
Wy, with probability more than 2~ (*+3) if err(w) is within 27% of the optimal value.
However, the computation is more complicated, and requires that we know the under-
lying distribution of x. Note that in the theorems proved in earlier sections, we were
able to estimate by, because specific distributions of x were considered. Without such
knowledge, practitioners often pick by by heuristics. Picking the right by, is necessary
for achieving good performance in our analysis. One practical solution is to perturb wy,
(e.g. using bootstrap samples) and find by, such that the perturbed vectors agrees with
wy, with large probability when wy, - « > bi. Another possibility is to use a procedure
that tests for the best by,. This is relatively easy to do for realizable problems, as shown
in Figure[3l We can then prove that:
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Theorem 6. Consider Algorithm [3 Let A be the empirical risk minimization algo-
rithm with respect to the hypothesis space 'H, and assume that Ve, 6 > 0, with m >
M(H,e,6) samples we have distribution free uniform convergence bound: i.e. with
probability 1 — 6, Yw € 'H, we have both

Elfw-2y<0)< 23" I(w-2;y, <0)+e and

m 1=1
ﬁlzgll(w-xiyi <0) <2EI(w-zy <0)+e.

Let N (¢, ) be a distribution free convergence bound for the binary random variables
&£ €{0,1}:1i. e. form > N (e, 6) with probability 1 — § we have both

E¢ < 55" & +eand | S & < 1L5EE +e.

Let my, = M (H,2~F+5) 0.58/(k+k?)), np = N(2=F*+3) 0.258/(,(k+k?))), and
er = 27 FTD) Assume also we take bi,o, S.t. P(W—1 - > big,) < 2~ (k+5),
Ifinfy,en I(w-xy < 0) = 0, then after s iterations, with probability 1 — 6, we have:

— At each iteration k < s, before the for loop over q stops: Yw, € H such that
P(tb-zy < 0) > 2760 P((dg—y-2) (s-) <0, [iDg—1-z| > by q) > 27 K+6),
— The final error is err(w;) < 27°.

We omit the proof here due to lack of space. Note that Theorem [ implies that we only
need to label a portion of data, with margins by, 4, , where g, is the smallest ¢ such that
b, € H with P(ab, -2y < 0) < 2746 and P((wg_1 - 2) (s - x) < 0, [tp_1 - | >
br.q) < 2~ (k+6) Tt does not require us to estimate by, as in earlier theorems. However, it
requires an extra n;, labeled data at each iteration to select the optimal margin by, 4. This
penalty is usually small because the testing sample size ny, is often significantly smaller
than my. For example, for d dimensional linear classifiers consider earlier, my, needs to

Input: a learning algorithm A that learns a weight vector from labeled data

a sequence of training sample sizes m1, ..., ms;
a sequence of validation sample sizes n1, ..., ns and one of acceptance thresholds €1, .. ., €5
a sequence of cut-off points {—1 = br,0 < br,1 < -+ < bre, }(k=1,...,5)
Qutput: classifier ws
label data points 1, ..., Zm, by a human expert and use A to learn weight vector ;.
iterate k = 2,...,s
generate and label ny, samples (7, 1), ..., (0, yn, )
generate my, samples z; with labels y; = sign(wr—1-2;) (j = 1,...,my)
forg=1,..., 0k
label y; by a human expert if [Wg—1 - ;| € (br,g—1,br,q] G =1,...,mp)
use A to learn weight vector wy, from examples (x;,y;) (j = 1,...,mx)
if (error of Wy on (zf,y}) (j = 1,...,n) is less than ;) break
end for

end iterate

Fig. 5. Margin-based Active Learning with Testing
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depend on d but ny can be d-independent. Therefore it is possible to achieve significant
improvement with this testing procedure. Its advantage is that we can choose by based
on data, and thus the procedure can be applied to distributions that are not uniform.

7 Discussion and Open Problems

While our procedure is computationally efficient in the realizable case, it remains an
open problem to make it efficient in the general case. It is conceivable that for some
special cases (e.g. the marginal distribution over the instance space is uniform, as in
section M) one could use the recent results of Kalai et. al. for Agnostically Learning
Halfspaces [11]]. In fact, it would be interesting to derive precise bounds for the more
general of class of log-concave distributions.

Acknowledgements. We thank Alina Beygelzimer, Sanjoy Dasgupta, Adam Kalai, and
John Langford for a number of useful discussions. Part of this work was done while the
first author was visiting Yahoo! Research.
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A Useful Facts

We state here two standard Sample Complexity bounds [[I]] and a few useful probability
bounds for standard normal variable.

Theorem 7. Let H be a set of functions from X to {—1, 1} with finite VC-dimension
V' > 1. Let P be an arbitrary, but fixed probability distribution over X x {—1,1}. For
anye, 6 > 0, if we draw a sample from P of size N (¢, ) = i (4V log (i) + 2log (g))
then with probability 1 — 6, all hypotheses with error > € are inconsistent with the data.

Theorem 8. Let H be a set of functions from X to {—1, 1} with finite VC-dimension
V' > 1. Let P be an arbitrary, but fixed probability distribution over X x {—1, 1}. There
exists a universal constant C, such that for any €, 6 > 0, if we draw a sample ((z;,y;))i
from P of size N = N(e,6) = g (V + log (é)) , then with probability 1 — 6, for all

h € H, we have | PO I(h(x;) # yi) — Ex vy I (R(X) # Y)’ <e.

i=1
Lemma 2. Assume © = [x1,22] ~ N(0, Iax2), then any given v1,7v2 > 0, we have

2
Pro((21,22) € [0,m] x [12,1]) <, 74 e772/2,

Lemma 3. Assume x = [x1,x2] ~ N(0, Iax2). For any given -y, 3 > 0, the following
holds: Pry(x1 < 0,21 + By > 7v) < ’g (1 + \/— In [min(Lﬁ)]) e—/(28%)

B Probability Estimation in High Dimensional Ball
Consider # = [z1,...,24] ~ P, uniformly distributed on unit ball in R%. Let A be an
arbitrary set in R?; we are interested in estimating the probability Pr,((z1,72) € A).

Let V be the volume of d-dimensional ball; we know Vy = n%/2 /I"(1 + d/2) where I"
is the Gamma-function. In particular V;_»/Vy = d/(27). It follows:

Pr((z1,z0) € A) = Vi / (1 — a2 —22)4=224g dxy =
z (z1,22)EA

Va
d/ (1 — 22 —22)4=2/2qg dxy < d/ e~ (@D @220 iy
27 (w1,22)€A T (@1,22)€A
where we use the inequality (1 — z) < e™*.
Lemmad. Let d > 2 and let x = [x1,...,24] be uniformly distributed in the d-

dimensional unit ball. Given 1 € [0,1], v2 € [0, 1], we have:
Pry((21,22) € [0,7] X [72,1]) < ng\\/irdef(dﬂhg/%

Proof. Let A =0,71] X [y2,1]. We have
Pry((w1,22)€A) < ;ﬁr Ik e~ ([@=2)@1+23)/2 4y dy < 'glwd Ik e~ (d=2)23/2 4y,
(z1,22)EA z2€[v2,1]
=< 721:67(%2)73/2 [ e @2y < é;def(dizhg/z min {1 — 72 \/z(dﬂ—QJI
z€[0,1—72)
Note that when d > 2, min(1, /7 /(2(d — 2))) < \/7/d. O
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Lemma 5. Assume x = [21,...,x4) is uniformly distributed in the d-dimensional unit
ball. Given v, € [0, 1], we have Pr,(x1 > 1) < ;e*d“’f/z.

Proof. Let A = [y, 1} [—1,1]. Using a polar coordinate transform, we have:
Pry((z1,22) € A) = J (1 J52)614(1 — a2 — 23) =2y day =

d—2 1 d
—7r2)"2 rdrdf = o f(r,rcosQ)e[O,l]X[’yhl] dfd(1 —r?):
dfd(1 —r2) Y2 = 0.5(1 — )42 < Lem /2, O

d

2 f(r,rcos 0)6[0,1]><[71,1](
<t

= 27 J(7,0)€E[y1,1]x[—7/2,7/2]

Lemma 6. Let d > 4 and let x = [x1,...,24] be uniformly distributed in the d-
dimensional unit ball. Given v, 3 > 0, we have:

Pry(z; < 0,21 4 Bze > ) < g(l + \/f lnmin(l,ﬂ))e*d“ﬂ/(‘wz’).

Proof. Leta = 5\/72(171 In min(1, 3), we have:

Pry(z1 < 0,21 + fr2 > 7)
< Pry(r; < —a, 29 —I—ﬁxg > )+ Pry(z1 € [-,0],21 + Bza > 7)
< Prx(xl < —a,12 > (@ +7)/B) + Pry(z1 € [, 0], 22 > v/3)

< 5 Pro(zz > (a+7)/8) + Pra (w1 € [0,0),25 > 7/5)
< }1 —d(a+v)?/(26%) + a\\//d —dy?/(48%)
. 2
S |:4116_352 Oé\\//d:| e 452 — |:m1n51175) + B\/ 2:1/:”1(1 B):| e 452 O

Lemma 7. Let uand w be two unit vectors in R%, and assume that 0(u, w) < < 7/2.
Let d > 4 and let x = [x1,...,xq4] be uniformly distributed in the d-dimensional unit

ball. Consider C' > 0, let v = 253/1;6 \/lnC' +In (1 + \/lnmax(l,cosﬁ/ sinﬁ)).

Then Pry [(u-z)(w-z) <0, |lw- x| >~] < CSICI;SBB

Proof. We rewrite the desired probability as 2 Pr, [w-x > v, u -z < 0]. Wlg., let

u = (1,0,0,...,0) and w = (cos(#),sin(#),0,0,...,0). For x = [x1,x9,...,xq4] We

have u-z = z; and w-x = cos(0)z1+sin(0)zs. Using this representation and Lemmal@]

we obtain Pry [w-z > v,u-x < 0] = Prylcos(0)zy + sin(f)ze > v,21 < 0] <

2

sm(,B) ¥ sin 8 cos 3 - iz 5o

Pr, [xl + cos(3) To > cos(é)’xl < O] < 2c0s f (1 + \/lnmax(l, sinﬁ) e 4sin?2f —

sin _C~1 as desired. O
26056
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