Deep Boosting

A. Proof of Theorem 1

Theorem 1. Assume p > 1. Fix! > 0. Then, for any
" > 0, with probability at least 1 — " over the choice of a
sample S of size M drawn i.i.d. according to D, the follow-
ing inequality holds for all f = Zthl #.hy:

R(f) < Rs,(f)
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+ r Z#tmm(Hkt)
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Thus, R(f) R )-|— Zt 1#% (Hkt)+C(m,p)
with C(m, p) = O ( fzgnflog[{;g’};]).

Proof. For a fixed h = (hy,...,hp), any @ € A de-
fines a distribution over {hy,...,hr}. Sampling from
{h1,...,hr} according to o and averaging leads to func-

tions g of the form g = %2?21 n:h; for some n =
(N1,...,n7), with 37 n; =n,and h, € Hy,.

For any N = (Nq,...
family of functions

,N,) with [N| = n, we consider the

P Ng

G;f,NZ{Zth,JWkJ € [p]x [Nk},hk,jEHk},
k=1j=1

and the union of all such families Gr , = U=, G#,N-

Fix ! > 0. For a fixed N, the Rademacher complex-
ity of Gz n can be bounded as follows for any m > 1:
Rn(Grn) < 230 NiR,(Hg). Thus, the follow-
ing standard margin-based Rademacher complexity bound
holds (Koltchinskii & Panchenko, 2002). For any " > 0,
with probability at least 1 — ", for all g € Gr n,

log 3
2m

Ry(9) ~ Rs(0) < 1 = > Ni Bt (Hi) +

Since there are at most p” possible p-tuples N with |N| =
n, by the union bound, for any " > 0, with probability at

least 1 — ", forallg € G£ ,, we can write
~ 21 & log B
Rp(g)_RSp(g) STHZNkmm(Hk)‘f‘ om
k=1

Thus, with probability at least 1 — ", for all functions
g= % ZiT:l n:h; with h, € Hy,, the following inequality
holds

Taking the expectation with respect to « and using
Ei [ny/n ] = #,, we obtain that for any " > 0, with proba-
bility at least 1 — ", for all h, we can write

1
Z#m (Hy,) + 02gm5

Fix n > 1. Then, for any ",, > 0, with probability at least
1 _ Iln,

E[R,(9) -

pr

T
<72 HnlHe) e

2#@%1 for some " > 0, then for p > 2,
D1 = ﬁ < ". Thus, for any " > 0 and any
n > 1, with probability at least 1 — ", the following holds

for all h:

F[Rp/Q(g) -

P[RP/Q(Q) *ﬁs,p/z(g)]

Choose ",, =

Fﬁ:s*,p/2(9)] <

2711

4 & log 22
TZ#tSRm(Hkt)—f— — o

(10)

Now, for any f = Zf,T:1#tht € F and any

g = 237 nh, we can upper bound R(f) =
Pri; ~plyf (X) < 0], the generalization error of f, as
follows:
R(f) = yf (x) —yg(x) +yg(x) < 0]
(z,y)~D
< Priyf (x) —yg(x) < =/ 2] + Prlyg(x) <!/ 2]
= Prlyf (x) —yg(x) < =/ 2] + R, 2(9).

We can also write
I3,7/2(9) = Iis,p/2(9 —f+f)
< Prlyg(x) — ¥f (x) < =1/ 2]+ R ,(f).

Combining these inequalities yields

WP ) <0 - Rs,(f)
< Prlyf (x) —yg(x) < =!I/ 2]
+Prlyg(x) — yf (x) < = 2] + R, 2(9) — Rs,,/2(9).

Taking the expectation with respect to a yields

R(f) - RS,p(f ) < xN% [1yf(-r)—yg($)<—ﬁ/2]+

!
5t

E  [Lyg(o)-ys@)<—ps2] + EIR,/2(9) = Rs,p/2(9)].

xz~D,)
Since f = E; [g], by Hoeffding’s inequality, for any X,
Priyf (x) —yg(x) <

Priyg(x) —yf (x) <

n 2
2 <e %

Elly (@) -yg(a)<—p/2] =

_ np?
}E[lyg(r)fyf(zkfp/z] = =/ 2] < 8
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Thus, for any fixed f € F, we can write
~ Cno? N

R(f) —Rs,(f) <267 /* + E[R,/2(9) — Rs,2(0)]-
Thus, the following inequality holds:

sup R(f ) — Rs,,(f)

feF

2 ~
<267 /5 +supEIR,2(0) — Rs.py2(0)]

Therefore, in view of (10), for any " > 0 and any n > 1,

with probability at least 1 — ", the following holds for all
feF:
R(f) = Rs,(f)
T op2n—1
4 log =
= —np”/8 3
<; z::#tf)‘im(Hkt) +2e + 5

T
4 .
:TE #, R, (Hy, ) +2e7 7 /84 o

To select N, we seek to minimize

nl
foni2e /8 4 \/ 7r<;gp =2e " 4+ \/nv,

withu =12?/8 and v = (logp)/m . f is differentiable and

foralln,f’(n) = —2ue """ + VY. The minimum of f is

2n
thus for n such that

\ \
f'(n) =0« 2ue ™ = W & —2une” W = — —
2,/n 8u

-1 —V
sSn=—W_ (—)

2u '\8u

where W_; is the second branch of the Lambert function
(inverse of X +— Xe®. It is not hard to verify that the fol-
lowing inequalities hold for all X € (0, 1/e]:

—log(x) < ~W_;(-x) < 2log(x).

Bounding —W_; using the lower bound leads to the fol-
lowing choice for n:

= [ e ()] = [ ()|

Plugging in this value of n yields the following bound:

logp
m

4 12m1] logp log%
+\/L210g[logpﬂ m ' 2m

which concludes the proof. O

. 4 & 2
R(f) —Rs,(f) <y > #Rn(He,) + T
t=1

\/(2n —1)log p+log %
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Figure 5. Illustration of the directional derivatives in the three
cases of definition (11).

B. Coordinate descent
B.1. Maximum descent coordinate

For a differentiable convex function, the definition of co-
ordinate descent along the direction with maximal descent
is standard: the direction selected is the one maximizing
the absolute value of the directional derivative. Here, we
clarify the definition of the maximal descent strategy for a
non-differentiable convex function.

For any function Q: RN — R, we denote by Q’, (, e)
the right directional derivative of Q at € R and by
Q' (v, e) its left directional derivative at @ € R” along
the direction e € RY, ||e|| = 1, when they exist:

Qe + $e) — Q(a)

Q) (a,e) = lim

n—0+ $
Q (a,e) = lim Qla +%e) - Q(a)'
n—0— $

For the remaining of this section, we will assume that Q is
a convex function. It is known that in that case these quan-
tities always exist and that Q”_(a,e) < Q/, (a, e) for all
o and e. The left and right directional derivatives coincide
with the directional derivative Q’ (e, €) of Q along the di-
rection e when Q is differentiable at a along the direction

e Qave) = Q(are) = Q' (ae).

Forany j € [1,N], let e; denote the j th unit vector in RN,
For any a € RY and j € [1,N], we define the descent
gradient "Q (a, €;) of Q along the direction e; as follows:

"Qa,e5) = (11)
0 if Q" (a,e;) <0< Q) (a,€))
Q\(a,ej) ifQ (a,e;) <Q/ (a,e;) <0

Q (o, e;) if0<Q (o, e5) < Q) (ax,ej).

"Q(a, €;) is the element of the subgradient along e; that
is the closest to 0. Figure 5 illustrates the three cases in that
definition. Note that when Q is differentiable along e;, then
Qi (aej) = QL(a,ej) and "Q(av,€;) = Q'(av, €;).

The maximum descent coordinate can then be defined by

k = argmax ["Q (a, €;)]| (12)
Jell,N]

This coincides with the standard definition when Q is con-
vex and differentiable.
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B.2. Direction

In view of (12), at each iteration t > 1, the direction ey
selected by coordinate descent with maximum descent is
k = argmax; e yJ |"Q(a—1,€;)|. To determine k, we
compute "Q (oi—1, €;) forallj € [1,N] by distinguishing
two cases: #;_1; # 0and #,_; ; = 0.

Assume first that #,_; ; # 0 and let S denote the sign of
#._1,;. For $ sufficiently small, #,_ ; + $ has the sign of
#,_1;, thatis s and

% i (I>(1 —vyif i1 (xi) — $yihj(xi)>

i=1

) A ] SN (He1 + $).
PF#J

Thus, when #;_1 ; # 0, F admits a directional derivative
along e; given by

F/(at—lye] = Zyl

=——Zyz

S;
=(2%, —1)—
(2% )m

Flow-—1+%e)) =

"(1—yif—1(xi)) + sA,
St+SA

+sA;,

and"F (Ottfl, ej) = (2%’j—1)%+sgn(#t,1,j)Aj. When
#,_1,; = 0, we find similarly that
I ) St
Fillou-1,e5) = (2%; — 1)6 + A,
S
Fl(ou-1,€;) = (2%; — 1)# —A;.

The condition (F” (o, e;) < 0 < F/ (, e;)) is equivalent
to

S; 1 A:m

—A-<2ty._17<A-)<:>0/-_7< I .

( ]7( Bj )mf J D 2’ 28t
Thus, in summary, we can write, for all j € [1,N],

"F(oi-1,€5) =

(2%J—1)St+bgn(#t Li)A; if (Beo1j #0)

else if |%,j7%| < gjsr,n
(z%i—l)%JrAj else if %, — 1 < — 5"
(2%j_1)%_Aj otherwise.

This can be simplified by unifying the last two cases and
observing that the sign of (%, — 1) suffices to distinguish
between the last two cases:

"F(a—1,€;) =
(2%, — 1)5t+sgn(#_1;)A;  if (#-1, #0)
0 elseif|%,j—%|§A
(2%; — 1)2t —sgn(%; — 3)A;

St
otherwise.

B.3. Step

Given the direction ey, the optimal step value $ is given
by argmin, F (a;—1 + $e;). In the most general case, $
can be found via a line search or other numerical meth-
ods. In some special cases, we can derive a closed-form
solution for the step by minimizing an upper bound on
F (at—1 + $ex). For convenience, in what follows, we
use the shorthand % for %;,.

Since y;hy(x;) = %k(w) (1) + %}e(ﬂc) - (=1), by

the convexity of u — ®(1 — $u), the following holds for
all$ e R:

o (1= yif -1 (%) - Syih(x:)) (13)

1+ yihg(X;
< )’27k()q>(1 —Vyifio1(xi)) — $>

+ . )<I>(1—ylft L (x ))+$)

Thus, we can write

= Ajl# ]

J7#k
1 ¢~ 1+ yihe(xi) , N
<m;2<1>(1—y1ft1(x1)) 3)

1 &1 —yihe(x;

F(ai—1 + $er)

)&
Syt -
+ Apl#i—1 + 9.

Let J ($) denote that upper bound. We can select $ to min-
imize J ($). J is convex and admits a subdifferential at all
points. Thus, $* is a minimizer of J ($) iff 0 € &J($*),
where &J($*) denotes the subdifferential of J at $*.

B.4. Exponential loss

In the case ® = exp, J ($) can be expressed as follows

3(®) = L3 LI g

m 4 2

i=1

1 o~ 1—yh(x;) ;-

_ ? e Yi fe— 1(w1)en
*m Z ;
+ Apl#io1 6+ 9,

and e! v () = /(1 — ;41 (x,))

J can be rewritten as follows:2

= StDt(I ) Thus,

S S
I(®) = (- %) e+ %"+ Axf#tr 1+

Note that when the functions in H take values in {! 1, +1},

(13) is in fact an equality and J (! ) coincides with F (au 1 +
te) ! D Al 1l
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Figure 6. Plot of the polynomial function P.

where we used the shorthand % = %), where K is the in-
dex of the direction ey selected. If #,_1; + $* = 0,
then the subdifferential of |#,_1 5 + $| at $* is the set
{*:' € [-1,+1]}. Thus, &J($*) contains 0 iff there ex-
ists ' € [—1,+1] such that

St .- S ..
_(1_%)5%*" —|—°/paten + Ay =0

Apm,
(1_%)at 1k+0/£eozt 1k+ k —0.
S;
This is equivalent to the condition
Arm
’(1 _ %)eat—l,k _ (Vge_o‘t*1=k| < k ) (14)

t

If #, 1+ $* > 0, then the subdifferential of |#;_1 1, + $|

at $* is reduced to {1} and &J($*) contains 0 iff

Am
—(1-We " + %" + - =0
¢
. Apmo .
= 0/5827] + kien
St

—(1—9%) =0. (15)

Solving the resulting second-degree equation in €~ gives

en* . Akm n Akm 2 1-%
T 29%S, 295, % '
that is
Arm Axm\? 1-9%
* — 1 _
M K?%&) %

Let P be the second-degree polynomial of (15) whose so-
lution is €. P is convex, has one negative solution, one
positive solution, and the positive solution is €7 . Since
e *-Lk is positive, the condition #;_1 + $* > 0 or
—#:_11 < $* is then equivalent to P (€=“t-1.%) < 0 (see
Figure 6), that is

Arm
St

*at—l‘k

O/m72af 1k+ 7(170/)/0)<0

Apm

<:>(1 _ O/p)eatfl,k _ Ww*at—l,k > (16)

t

Note that $* < $°, where $° = log [, / 1;—? is the step

size used is AdaBoost.

The case #,_1 1, + $* < 0 can be treated similarly. It is
equivalent to the condition

Akm
S’

(1 _ %)eat—l,k _ (ygefat—l,lc < — (17)

and leads to the step size
Arm n Arm 2 n 1-%
29%S; 29%S; %

B.5. Logistic loss

$ =log

In the case of logistic loss, for any u € R, (—u) =
logy(1 + € %) and ®'(—u) = 1022 (1+Pu) To determine
the step size, we use the following general upper bound:
B(—U — V) — (—u) = log, Heu}
| 14+e v
~ log, [1+e ™ +e " — e“]
L 1+e™

[ e v -1
=1 1
082 I + 1+eU}

< e ’—-1
~ (log2)(1+ev)
=®'(—u)(e”’ —1).

Thus, we can write
Flou-1+%e) —F(a_1)

< —Z@ (1= yif oy (x) (@) 1)
+ Ak(|#t71 K+ 3 —

—ZDt (i)Si(e

+ Ak(|#t—1,k + 9| -

[#:—1,k])

—nyihk(xi) _ 1)

#e—15])-

To determine $, we can minimize this upper bound, or
equivalently the following

1o~ e
3 Di(i)S € ) - Ayl g+ 9.
=1

This expression is syntactically the same as the one con-
sidered in the case of the exponential loss with only the
distribution weights D, (i) and S; being different. Indeed,
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in the case of the exponential loss (® = exp), we can write

Flou1+%ex) — > Ajf# 1l
J#k

Il
3|~

s
I
—

O(1 —yif 1 (%) =Byihe(Xq)) F Ak [#i—1 6 +9],

D1 —yfooa(x;)) i@ LA 1#, 49,

I
3=

s
Il
-

(1 —yif s 1 (xq)) e MW@ LA 1, )+,

|
3=

s
Il
_

Di(i)Sr e im0 f Agl#y 1k +9).

|
3|~

ﬁ
I
-

Thus, we obtain immediately the same expressions for the
step size in the case of the logistic loss with the same three

. m 1 .
cases, but with St = ZiZI m and Dt(') =
1 1

St 14evift—1(@) "

C. Alternative DeepBoost, algorithm

We also devised and implemented an alternative algorithm,
DeepBoost,, which is inspired by the learning bound of
Theorem 1 but does not seek to minimize it. The algo-
rithm admits a parameter ( > 0 representing the edge value
demanded at each boosting round. This is the amount by
which we require the error % of the base hypothesis h; se-
lected at round t to be better than 3: % — 3 > (. We
assume given p distinct hypothesis sets with increasing de-
grees of complexity Hy, ..., H,. DeepBoost, proceeds as
if we were running AdaBoost using only as base hypothe-
sis set H1. But, at each round, if the edge achieved by the
best hypothesis found in H is not sufficient, that is if it is
not larger than the demanded edge ( , then it selects instead
the hypothesis in H 5 with the smallest error on the sample
weighted by D,. If the edge of that hypothesis is also not
sufficient, it proceeds with the next hypothesis set and so
forth. If the edge is insufficient even with the best hypoth-
esis in H,, then it just uses the best hypothesis found in
H = U;_, Hx. The edge parameter ( is determined via
cross-validation.

DeepBoost,, is inspired by the bound of Theorem 1 since
it seeks to use as much as possible hypotheses from H or
lower complexity families and only when necessary func-
tions from more complex families. Since it tends to choose
rarely hypotheses from more complex H s, the complexity
term of the bound of Theorem 1 remains close to the one
using only H ;. On the other hand, DeepBoost,, can achieve
a smaller empirical margin loss (first term of the bound)
by selecting, when needed, more powerful hypotheses than
those accessible using H; alone.

We carried out some early experiments on several datasets

Table 4. Dataset statistics. german refers more specifically to the
german (numeric) dataset.

breastcancer ionosphere german
Examples 699 351 1000
Attributes 9 34 24
diabetes ocrl’ ocr4d9
Examples 768 2000 2000
Attributes 8 196 196
ocrl7-mnist ocr49-mnist
Examples 15170 13782
Attributes 400 400

with DeepBoost, using boosting stumps, in which the per-
formance of the algorithm was found to be superior to that
of AdaBoost. A more extensive study of the theoretical and
empirical properties of this algorithm are left to the future.

D. Additional empirical information

D.1. Dataset sizes and attributes

The size and the number of attributes for the datasets used
in our experiments are indicated in Table 4.
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