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Abstract—This paper develops bounds for learning lossless
source coding under the PAC (probably approximately correct)
framework. The paper considers iid sources with online learning:
first the coder learns the data structure from training sequences.
When presented with a test sequence for compression, it continues
to learn from/adapt to the test sequence. The results show, not
unsurprisingly, that there is little gain from online learning when
the training sequence length is much longer than the test sequence
length. But if the test sequence length is longer than the training
sequence, there is a significant gain. Coders for online learning
has a somewhat surprising structure: the training sequence is
used to estimate a confidence interval for the distribution, and
the coding distribution is found through a prior distribution over
this interval.

I. INTRODUCTION

We consider lossless coding of sources that are (or as-
sumed to be) in some probability class A characterized by
an unknown, determinstic parameter vector 6. We consider
this in the context of learned coding [1]. We are given a
training sequence x™; based on the training we develop
coders C'(z!; z™) with length function L(z!; x™) for encoding
test sequences x'. The codelength is Eg[L(X';2™)|z™] (the
expectation here is only over z'), and we measure performance

by the redundancy
Ri(L,2™,0) = E[L(X';2a™)|2™] — lHe(X). (1)

The redundancy depends on the training sequence x™. One
way to remove this dependency is to average also over x™,

Ry(L,m,0) = Eg[L(X'; X™)] — [Ho(X) )

As usual in source coding (and ML) the performance measure

is the worst case over the deterministic 0:
R} (m) = mLinsup R;(L,m,0). 3)
0

The paper [2] considers (3), and proves
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ap ~ 0.50922. (®)]
The result was improved in [3] to show that
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However, in machine learning performance usually is not
measured by average over test sequences, see [4], [5]. One
way performance is measured is in the PAC (probability
approximately correct) learning framework [5]. Rather than
usual error probability in classification, we use the redundancy
(1) as risk measure. We can then say that coding in a class or
sources is PAC-learnable if for any @ > 0, P, > 0

inf P (Ry(L, X™,60) <a) > 1- P,

where the probability is over X™. Alternatively, we can state
this by defining

E(m,l,a) =sup P (R;(L,X™,0) > a), (7
0

For some given a and small P, the goal is then to ensure

E(m,a) < P,. Thus, we require the redundancy of the learned

codelength to be smaller than a, except with a small error

probability P,. Equivalently, we can define

a(m,l, P,) = inf{a : E(m,l,a) < P.} (8)

In [1] we analyzed this problem for a binary alphabet and a
frozen coder, i.e., a coder that does not continue to learn from
a test sequence. The result is (Q) is the survival function of
the normal distribution)

1
()
k4o

for the estimator p = =5, where k is the number
of Is seen in x™. The optimum value of o that satisfies
Q7N (P/2)? =1 < o < §Q7H(P./2)* + 1 which gives

an achievable a(m, P,);
1
0 <> ) (10)
m

We generalized this to finite state machines and general
alphabets in [6]. The assumption in these papers is that
there is a distinct learning phase, where the coder learns
the distribution of data, and then a coding phase where the
coding distribution is fixed. This makes the result not quite
fundamental. The coder could continue to learn from the test
sequence, already suggested in [7], which is a type of online

Theorem 1. For P, sufficiently small,

Lt py =z L2
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where limp,_,ob(P,.) = 1.
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learning. In this paper we find bounds for this case. Since
this problem is much more complex, we limit ourselves to the
binary iid case, which still can provide significant insight.

II. ONLINE LEARNING WITH AVERAGE PERFORMANCE

For online learning, the limit when both [, m — co, where
% is kept fixed makes the most sense from an operational
point of view.

We consider first the average case, i.e., averaging over both
training and test sequences. Although this is not of main
interest, the results are nicer and do give some insight. In
this case, for a frozen coder, we get from (6)

l 1

R (m) = —
L (m) 2m1n2+€<m)
where €(x) denotes any function converging to zero as  — 0.
For the achievable rate for the online coder, a natural

approach is to just continue updating the coding distribution
as in [2], which results in
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We can lower bound the redundancy by

Proposition 1.
R} (m) > m(%gcl(e; XHxm™)
The proof can be done as in [8]. Now
m(%gd(G;Xlle) - rn(ae§<{1(9;X”m> —I(6; X™)}

> max I(0; X'™) — max I(0; X™)
() ()

From [9] we have

1 n 1 wl/2
I0; X™) = ~log — + —1
max [(0: X7) = 5log 5 + L 108 pi 7y
and thus
1 l 1
R (m) > = log <1+—> —l—e(—) (13)
2 m m
For # small, series expansion of (13) gives (11). This is the

case when there is more training data than test data, which
is the common scenario in machine learning. We therefore
get the common sense conclusion that there is nothing gained
from continuing to update with the test data. However, if
I > m is there a significant gain. This is not a usual learning
scenario, but one situation where this could happen is when
the length of test sequences are unknown, and the training data
therefore could be too little. Notice that training still helps: the
redundancy is reduced from 1 log! to 3 log L.
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IIT. ONLINE LEARNING WITH THE PAC CRITERION

As in Theorem 1 the aim is to find the asymptotic limit
limy,, o0 sUp, ma(m, 1, Pe). Let pmax(m) be a value of p
where a(m, l, P,.) is achieved. As argued in [1] instead of find-
ing the maximum of ma(m, [, P.) for each m we can consider
convergent sequences mp(m) and the take the maximum in
the end. We can divide such sequences into three regimes:
the CLT regime: lim,,_, ., mp(m) = oo, where the central
limit theorem (CLT) can be applied and the Poisson regime
0 < limy, oo mp(m) < oo, where a Poisson approximation
can be used

A. Converse

For the PAC learning criterion, we first derive a converse.
For online learning @ in (8) depends on both [ and m.

Theorem 2. Consider the asymptotic regime where [,m — 00
while % is fixed. Then

a(m,l, P.) > Cy(A)

where Co(A) is capacity of the additive white noise Gaussian
(AWGN) channel with amplitude constraint A and noise power

1, and where
l
A=1/—Q YP./2
\ 5, @ (Fe/2)

Proof: A general coder based on the training data =™
assigns a probability p!(m)(z!) to the test sequence z'. The
redundancy of the coder is (within 1 bit) is D(p'||p!(m)),
where p' is the IID distribution on z'. With this

a(m, 1, P,) = inf max P(D(p!||p'(m)) > a) < P.
a p

Here p'(m) depends only on the sufficient statistic p = %, )

we will write p'(p) and the probability is with respect to p.
We can therefore also write

l,P,) = inf DB (5
a(m’ ’ E) S:Vp:P(Sl”?p))Zlfpe mgxpsélsli (p Hp (p))
> inf sup sup D(p'||p' (p
T SuVp:P(S(p))>1—Pe ?ppegﬁ (p ”p (p))

Here S : [0,1] — 2% is a set function of p: for every p
it gives a (measurable) subset .S, C (6,1 — 4), and explicitly
P(S(p)) = P(p € S(p)), while

Ss=1{p:p S}

We can think of S; as a kind of confidence interval. We
therefore have the lower bound

a(m,l, P,) > inf inf

5 . DD (B
pl S:Vp:P(S(p))>1—P. sup sup D(p'[|p"(p))

P peSp

As in the proof of the lower bound in Theorem 1 in [1], we
consider a lower bound in the CLT regime only. Thus, we let
p € [6,1 — 4] be fixed as m — oo; we can consider a slightly
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smaller interval than [0, 1] to avoid endpoint effect, and let
0 — 0 in the end. Now

inf inf sup sup D(p'||p'(p
SVpP(SM)21-Pe p' b peg, ®'lp" ()

(@)

inf inf ETrD Ialy s
swppd o p, i maxmax Ex[D(p [ (p))]

—
V=

max in

scinf max B, [D(p/ (7))

in
S:Vp:P(S(p)) 21— P.
= inf max max m

S:Vp:P(S(p))>1—P. P ™

d
>

—

c

N

in E-[D(p' |5 ()]

P

—
=

inf

max max I (6; ')
S:Vp:P(S(p))>1—P.

¢ (14)
P T

In step (a), 7w is an arbitrary distribution for p over S5 (a)
is true because we can use point distribution as special case.
Step (b) is true because p' is in fact a direct function of p.
Step (c) is true because E, ., [D(p'||p'(p))] is concave in p'
and linear in 7 (see [10]). Step (c) is true because we can see
max, ming Er, D(p'[|p'(5')) as a standard universal source
coding problem where the unknown parameter is in S;, and
we can therefore apply Gallagher’s lower bound [10], [9];
here is a random variable distributed according to 7 over S,
and ! is TID Bernoulli according to . Notice that I(6;z!) =

1(0;p) = I(0 — p;p — p), where p = ¥ with k the number of

ones in the test sequence.

Explicitly,
—log ( /
Jz()
P

Let s; = Ip. Then the local CLT for integer-valued random
variables [11] states

PO , o
P(3l6) F”)N

P@9) .0 _
o) dF(G)) P(pl0)dF(6)
(15)

1(6;p) = E

L (51— 10)? 1
P o R _\si—w)” 1
(s1/6) ool —6) ( wi—6)) T\
= fnaee(-6))(s1) + 0 (\1[[)
where o (%) is uniform in s;.

The natural choice for S is the centered interval around the
mean based on the CLT

S(p) = {p VP vpa

vm vm

which asymptotically has probability 1 — F,. We will later see
that this is optimum. The corresponding S; is

Q (P/2).p+ Ql(&ﬂ)} (16)

S _ |5_ VP4
% [p Jm
Vi -
Hq

1

Jm
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Then supgeg, [0 —p| = O (%/l) since the ratio [/m is fixed.
Further,

fnasioa—oy)(st)
= fnvosa—p) (51)
+ faaeip—p)) (51) (a(
+o(0 —p)

=2

where a and b are functions of p alone. Here it can be seen
that

ll_iglo SL}ZP IN0.15(1-p)) (Sz)w =0 17)
and therefore
P(s110) = faxaoapa—p))(s1) + o <%)
1 1
= mf/\/@@)(ﬂ) +o (%) (18)

where the o(-)-term is still uniform in s;, and

I el VIO —p)
VIp(1 —p) V(1 —p)

At first we will limit —B < x; < B, which also means B_ =

—BVIH(L—p) +1p < 51 < B\/Ip(1 —p) + Ip = By. We
can then find the limit of (15) by calculating equation (19) at
the top of the next page. Then letting B — oo,

Ty

max I(6;2') — max I[(X;Y)

where Y = X+ N, N ~ N(O, 1), and 7 is a distribution over
Iy LQ~Y(P./2), 1/ LQ1(P./2)]. Notice that this

-/
is independent of p, thus it 1s a minimax solution conditioned
on (16) being optimum. We can argue for this as follows. If
we remove some p; from S, given by (16), we will have to
add at least one other point po outside the interval in (16)
(recall that the distribution is discrete). Thus, p is removed
from S, but added to Sj,. These added points will result in
points x outside the interval I 4. This will strictly increase the
capacity of the corresponding channel. Namely, the capacity
achieving distribution for the amplitude constrained Gaussian
channel is discrete [12], and we can then move one of the
discrete modulation points to the new value of x ¢ I,4. Since
this has a larger amplitude, it will increase capacity. Thus, if
we move points outside (16) it will increase (14) showing that
(16) minimizes (14).
|
There is no closed form expression for the capacity of the
amplitude constrained AWGN. However, Smith [12] showed
that the capacity is achieved by a discrete input distribution,
and provided a numerical optimization method for finding the
optimum input distribution and capacity. While there is no
closed form expression, the papers [13], [14] show that the
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dF(é)) P(s0)dF(6)

V1/mQ ™ (Pe/2)+€(m) Fnany (@) + €(l)

JUmQ-1(P./2)+e(m) N1y (@) +€(l)

dF (ﬂ))

dF(ﬂ)) In () (@) dzd F () (19)

capacity approximately is

Cy.(A,0) = min {log <1 + A4/ i) , % log (1 + Ag)}
e

Thus,

a(m, 1, P.) Z min {log <1 + \/gQ—l(Peﬂ)\/g) ;
%1og <1 + %Ql(Pe/2)2>}

We see that we reach the same conclusion as for average
performance in Section II. For pure training, in the regime
where # is fixed, we get from (9) that
Q (Pe/2)*
m

1

(=

m

L 1@ (/2

R;r (m) 2mlIn?2

Thus, essentially, L moves inside the logarithm. As
for average performance, for % small there is little gain, but
for [ > m, there could be a gain. We will show that by
developing a coder that can realize some of that gain in this
regime.

B. Coding

The naive coder would be to simply update p with new data,
as was optimum in the average case, eq. (12). However, it can
be shown that this does not move W inside the log
as in the converse. Rather, the proof of the converse hints at
how a coder should be designed: From p from the training, a
P, confidence interval for p is found, and the test sequence
is then coded according to some prior distribution over this
confidence interval.

Let [p_,p+] be a confidence interval for p based on the
training data. This should be a proper confidence interval,
meaning that Vp : P(p ¢ [p—,p+]) < P.. We use a uniform
distribution over [p_,py]. The probability of a test sequence

Copyright (C) 2024 by IEICE
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x! with k& ones can then be calculated as

1 D+ _ _
— 0k (1 —0)"*ap
P+ —P- Jp_
1 _ _ _ _
=—— (Ip,(k+ 11 —k+1)— I, (k+ 1,1 —k+1))
P+_*P— -
xBk+1,1—k+1)

1 . _
b+ —DP- -
x Blk+1,1—k+1)

where F(k;1+1,p) is the CDF for the binomial distribution,
and B(k+1,1—k+1) is the Beta function. The codelength is
— log of this probability. To bound — log B(k+1,1—k+1) we
can use the bound in [10, 13.2], and we then get the following
codelength bound

k 1 1 kl—Fk
< — — — — -
L_ZH<Z>+2log(l) 2log<7rl l >+2
+log(py —p-) —log(F(k;l+1,p-) — F(k; 1+ 1,p4))

(20)

The coder is based on finding a proper confidence interval.
Now, from [1], [2] we know that the critical performance is
in the Poisson regime. We therefore focus on performance in
the Poisson regime. By calling k_ = mp_ and k4 = mp.,
according to [15] we can set

k—

SXC (P 2:28)

1
ky §x2(1 — P./2;2k +2) 1)

We now rewrite (20) as
k 1 l 1 -m
< b - -z -
L_ZH(Z>+210g<m) 210g<kl>
1

l—k 1
2— =1
+log(ky —k-) —log(F(k;l+1,p-) — F(k;l+1,p4))
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The expected codelength with respect to & is'
k 1 l 1 —-m
< — — — ] — = —
L<IE [H(lﬂ + = log <m> 2E[log (kl)]

L [log (Z - k)] +2— l1og(7r)

_ZE
2 l
+ log(ky — k_) —E[log(F(k; I+1,p_)—

<IH (p) + % log <i) - 5E [log (

m

l

k

)

1 -k 1
- §E [log T)] +2— 3 log(m)
+log(ky — k) — Ellog(F(F; 1+ 1,5_) — F(k 1+ 1,5,))]
We use

% and k < %l. Then

(59 =

Proof: It can be shown that by setting kK = 4Iln2 — 2
the function f(z) = kz? + x + In(1 — x) > 0 for all real
0<z< 1 . In fact, the function is zero on the boundaries and
has posmve value at its only extremum point z* = 1 — 5

Lemma 3. Assume p <

lim —F

l—o0

where f'(z*) = 0. Therefore, by taking expectation in the
Poisson regime, we have:
& [log(ﬂ)} In2 < /QEE];CQ] + %15] =kp? +p+ n?
<In2+o0 <%)
|

for p < § as it is claimed.
The redundancy in Poisson limit is therefore bounded by

a(m,l, P.) < %log (é) - %E [log (%%)] +2.5— %log(w

+log(ky — k) — B [log(Py_ () = Py, (k)]
(22)

The expectation in (22) is with respect to k. Suppose the
Poisson limit of & has mean ~; then k converges to a Poisson
distribution with mean %7. Notice that k4 is based on k. In
order to get the different terms to the same scale, we therefore
calculate expectation with respect to a Poisson distribution
with mean %'y, explicitly

a(m,l, P.) < %log (%) +1- %108;(”)
_ %E#7 [log (l%?)} + log(ky — k_)
o sy (B) Py, ()]

The first line of (23) gives the dependency of a(m, [, P.) on =
explicitly, and is independent of P, and ~ and k. The second

(23)

I'The expectation as ‘written is clearly infinite. This is because the expression
(20 is not valid for k = 0,l. These cases therefore have to be handled
separately in numerical evaluation.
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line is dependent on k and . The bound should be maximized
over k and +, but conditioned on successful training, that is
p € [p—,py), that is the maximum should be calculated over
k,v:k_ <~ <ky. We define

co(P.) = sup __Ei'y [log (Emﬂ + log(ky — k)
yhik_Sy<ky 2T l

~ By, [log(Pr, (k) =Py, (B))] 24)

The function ¢(P.) is not quite independent of due to the

discrete nature of the Poisson distribution, but there is only
a weak dependency. The function ¢(P.) can be calculated
numerically. In Fig. 1 we have plotted a result of the numerical
calculation. Of course online learning is much better than
pure training for 7_ large (the logarlthmlc plot disguises this
somewhat); the advantage disappears for E = 0.3. The main
reason the online learning achievable rate is worse than pure
learning is mainly due to the bound from [10, Section 13.2]
used in (20) is not that tight.

_____ —— learned lower
10 B L 103 4 ==~ learned upper
Pl —— online lower
I/ —-== online upper
g4 1
I, 102 4
1
s |
2 6!
g 1
3 ! 1 =1
o 1 L N 2N R
o 1 ,-
441 -1
| -
|
0]
5 10
= . . . 1071 4o . . . .
) 0 25 50 75 100 1072 107! 10° 10! 102
I/m I/m
Figure 1. Plot of codelength for online learning for P. = 1076,

IV. CONCLUSION

As would be expected from common sense, if [ < m, not
much is gained from online learning; this is of course the usual
learning scenario. But if [ is of the same order as m there is
a significant gain. One could think of this scenario more as
universal coding prepped by training. One significant result of
the paper is that Theorem 2 provides a lower bound in any
kind of learned coder, without restricting it to be for example
a frozen coder. One could imagine a coding scheme which
decides between the learned coder and a universal coder on a
sequence by sequence basis. But Theorem 2 shows that this
cannot beat a pure learned coder.

Another significant insight is that online learning is quite
different than both pure learning and universal coding. In either
of these case, coding is done by estimating the probability
distribution. But online learning is totally different: the training
data is used to calculate a confidence interval, and the coding
distribution is found by using a prior over this confidence
interval.

68

Authorized licensed use limited to: UNIV OF HAWAII LIBRARY. Downloaded on February 14,2025 at 22:48:45 UTC from IEEE Xplore. Restrictions apply.



(1]
[2]

[3]

[4]
[5]

[6]

[71

[8]

[9]

[10]
[11]
[12]

[13]

[14]

[15]

REFERENCES

A. Hgst-Madsen, “Bounds for learning lossless source coding,” in
ISIT’2021, Melbourne, Australia, July 12-20, 2021, 2021.

R. E. Krichevskiy, “Laplace’s law of succession and universal encoding,”
IEEE Transactions on Information Theory, vol. 44, no. 1, pp. 296-303,
Jan 1998.

D. Braess and T. Sauer, “Bernstein polynomials and learning theory,”
Journal of Approximation Theory, vol. 128, no. 2, pp. 187-206, 2004.
V. N. Vapnik, Statistical Learning Theory. John Wiley, 1998.

M. Mohri, A. Rostamizadeh, and A. Talwalkar, Foundations of Machine
Learning. MIT Press, 2018.

M. Z. Amirani and A. Hgst-Madsen, “Learning source coding for
general alphabets and finite state machines,” in 59th Annual Allerton
Conference on Communications, Control, and Computing, Urbana-
Champaign, Illinois, September 26-29, 2023, 2023.

J. Schmidhuber and S. Heil, “Sequential neural text compression,” I[EEE
Transactions on Neural Networks, vol. 7, no. 1, pp. 142-146, 1996.

Y. Fogel and M. Feder, “Universal batch learning with log-loss,” in
IEEE International Symposium on Information Theory: ISIT’18 (Vail,
Colorado), 2018.

G. Shamir, “On the mdl principle for i.i.d. sources with large alphabets,”
Information Theory, IEEE Transactions on, vol. 52, no. 5, pp. 1939—
1955, May 2006.

T. Cover and J. Thomas, Information Theory, 2nd Edition. John Wiley,
2006.

G. R. Grimmett and D. R. Stirzaker, Probability and Random Processes,
Third Edition. Oxford University Press, 2001.

J. G. Smith, “The information capacity of amplitude- and
variance-constrained scalar gaussian channels,” Information and
Control, vol. 18, no. 3, pp. 203-219, 1971. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S0019995871903469
A. L. McKellips, “Simple tight bounds on capacity for the peak-limited
discrete-time channel,” in International Symposium onInformation The-
ory, 2004. ISIT 2004. Proceedings., 2004, pp. 348-348.

A. Thangaraj, G. Kramer, and G. BAficherer, “Capacity bounds for
discrete-time, amplitude-constrained, additive white gaussian noise
channels,” IEEE Transactions on Information Theory, vol. 63, no. 7,
pp. 4172-4182, 2017.

K. Ulm, “Simple method to calculate the confidence interval of a
standardized mortality ratio (smr),” American Journal of Epidemiology,
vol. 131, no. 2, pp. 373-375, 1990.

Copyright (C) 2024 by IEICE
Authorized licensed use limited to: UNIV OF HAWAII LIBRARY. Downloaded on February 14,2025 at 22:48:45 UTC from IEEE Xplore. Restrictions apply.

69

ISITA2024, Taipei, Taiwan, November 10-13, 2024



