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Warning: These are rough notes and typos are likely.

I’ll present a tool for deriving lower bounds that can be used to establish any lower bound I
will refer to in this course. A preliminary section reviews properties of of the Kullback-Leibler
divergence. We will then show how various lower bounds follow from the so-called data-processing
inequality of KL-divergence.

These techniques are closely related to traditional change of measure arguments. In particular,
our end results are closely related to the general change of measure lemma in Kaufmann [2014].

1 Preliminaries: Facts about KL Divergence

Here I will review some basic properties of KL divergence. To keep everyhing simple, I will restrict
focus to discrete random variables. More details can be found in chapter 2 of the beautiful textbook
Cover and Thomas [2012]. A rigorous measure theoretic treatment is developed in Gray [2011].

Remark 1. we will follow the the convention in information theory that 0log(0) = 0, which is
consitent with the limit lim,_,o x log(z) = 0.

Definition 1. For two probability distributions p and q over X the Kullback-Leibler divergence is

D(p(x)llg(y)) = Y _ p(x 1og< 3)

reX

This can roughly be thought of as the extent to which observations from p “diverge” from what
we would have expected under ¢. In general, the KL-divergence is not symetric (D(pl||q) # D(q||p));
we may observe draws under p that are nearly impossible under ¢, even if all draws under ¢ are
fairly plausible under p. We next consider the definition of conditional KL divergence.

Definition 2. (Conditional KL Divergence)

p\y|x
Dpylo)llg(ylz) = > pla,y) 10g< E :xi) = p@) | Y p(ylv) 1og< E ; ;)
reX yey %y zeX yey
Example 1 (Lemonade stand demand in uncertain whether). Suppose we are uncertain about the
rate of demand at a lemonade stand. We know that demand is either 0 or 1. Let y denote the
realized demand on a given day, and x € {0,1} denote whether it was rainy or sunny on that day

(with x = 1 denoting “sunny”.) It is sunny with probability 3/4 under either p or q. We know that



demand is always 0 when it is rainy. When it is sunny, demand is 1 with probability 6, under p
and is 1 with probability 6, under q. Then

D(p(yl)lla(ylz)) = (3/4)D(Bern(6,)||Bern(6,))

where Bern(f) denotes the Bernoulli distribution with parameter 0 € (0,1). The main feature to
take from this example is that we learn about demand only when it is sunny, and the probability of
this event is precisely reflected in the conditional KL-divergence.

Fact 1 (non-negativity). For any pmfs p and q, D(p||q) > 0.
Proof. We show —D(p||q) < 0.

D(pllg) = Zp log< i) Zp <z)<log<2p qi)zlog(l):O

where the inequality follows from Jensen’s inequality. O

The next fact is important as it allows us to calculate the KL divergence in fairly complicated
models. It basically follows from the factorization p(x,y) = p(x)p(y|x) together with the fact that
log takes products to sums (log(zy) = log(x) + log(y).

Fact 2 (Chain Rule).

D(p(z,y)llg(z,y)) = D(p(z)|lq(z)) + D(p(ylz)|lg(ylz))

Proof. Using that p(z,y) = p(z)p(y|z) and q(z,y) = q(z)q(y|x) we have

e (2) - T (o (25) e
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= D(p(@)llg(x)) + D(p(ylz)|lq(ylz)).

Corollary 1 (Agreement on one variable). If p(z) = q(z) Vx then

D(p(z,y)llg(z,y)) = D(p(ylz)|lq(y|T)).

Corollary 2. If (z1,...xz,) are independent under both p and q, then

D(p(x1, 2, ...w0)||q(z1, 22, 0y T0)) = ZD(p(:vi)HQ(xi))

If the Kullback-Leibler divergence D(p(z)||g(z)) quantifies the degree to which observations
from p allow us to rule out ¢, then it makes sense that we learn no more from observing a function
f(z) than from observing the raw data x. That is, processing the data-set cannot increase its
information content. This is made formal in the following fact.



Fact 3 (Data Processing Inequality). If y = f(z) is a function of x, then

D(p(y)lla(y)) < D(p(x)llg(2))-

Proof. We apply the chain rule of KL-divergence twice. First,

D(p(z,y)lla(z, y)) = D(p(@)llg(2)) + Dpylz)llg(ylz)) = Dp(z)llg(z)).

-~

0

Then,

D(p(x)|lg(z)) = D(p(z,y)llg(x,y)) = D(p(y)lle(y)) + D(p(z|y)llg(z|y)) > D(p(y)|la(y))-

2 Hypothesis testing lower bounds via data-processing

2.1 Notation

In the next subsection, we will consider problems in which Xi, Xs,... ~ fg are drawn from a i.i.d
from a density fp. The parameter § is unknown, and the goal is to perform well (e.g. identify the
mean) under every 6. I will write Py(-) to denote the probability measure under 6, so when writing
Pp(X1 > X9+ X3), we are implicitly integrating over draws of (X1, X2, X3) from fp. We will study
random variables that are functions of the sequence of X’s, e.g. Y = f(X7, Xo,..X,,). I'll denote
the law of Y under 0 by Py(Y) =Py(Y € -), and use

D(By(Y)[|[ Py (Y))

to denote the KL-divergence between the distribution of Y under different parameters.
The notation for KL divergence is overloaded. I'll use

D(sllf) = [[1ox (440) psa

to denote the KL-divergence between fy and fo. For p,q € (0,1) let dg(p|lq) = plog (%) +(1—

p) log G%Z) denote the KL divergence between Bernoulli distributions with parameters p and q.

2.2 Fixed Sample size

Consider an agent who observes
X1, X2, X3,... ~ fo

for 6 € {0,1} They use a decision rule ¥ = (¢1, .12, ...) where for each n € N, ¢, : (X71,..., X;,) —
{0,1} specifies a decision as a function of the random observations up to time n.

Theorem 3. For any decision rule , Po(¢y, # 0) < a and Py (Y, # 1) < B implies

__ ds(al|1-p)
= "Dl )

an dp(A)|1 - )
B —

"= D)
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Example 2. Suppose under fo, X1, Xa,... ~ N(0,0%) and under fi, X1, Xa,... ~ N(u,0%). Then
D(fillfo) = D(follf1) = % Suppose we would like the symmetric error guarantee Pg(1p, # 6) < 6

for each of 6 =0,1. Then

di(8]|1 — ) = dlog (115) +(1-0)log <1E5> ~log(1/8)  as & — 0.

This requires that
2dp(d]|1 —9) 21log(1/9)
p et vl | A=A W
~ pu?2/o?2 550 SNR?

where SNR = p/o is the signal to noise ratio.

Proof. Set H, = (X1, ..., X;,) to be the history of observations up to time n. We have

dp(a,1 —38) < D(Po(tn)||Pi(vn)) (error constraint)
< D(Py(H,)||P.(Hy)) (data processing )

= nD(follf1)- (chain rule)

2.3 Adding action: optional sample collection

Let us extend the problem in the previous section. The agent still wants to predict whether 8 = 0
or # = 1, but now they can choose not to collect a sample at any particular time step. Can we
formalize that the expected number of samples collected by the agent must be large in order to
guarantee a low probability of error?

Formally, the agent has two actions available at each time step n, A, € {Measure, Skip}. After
choosing A, the agent observes Y,, where

v = X, if A, = Measure
"7 10 if A, = Skip

The agent’s action A1 is a function of the history of observations up to time H,, = (41, Y1,...A,,Y},).
The agent also chooses a prediction rule ¥ = (¢, 12, ...) with ¥, : H,, — {0,1}.

Theorem 4. Let T, = Yy 14, =Measure )+ If Po(tn # 0) < a and Py (¢, # 1) < B, then
dg(a||1—p)
EolTn] 2 D(follf1)

and

dp(B1|1 - )
D(f1llfo)

Proof. As before, we only prove the first lower bound. We have,

dp(a, 1 —=5) < D(Po(vn)||P1(tn)) (error constraint)
< D(Py(H,)||Pi(Hy)) (data processing )

= Eo[T.|D(follf1)- (chain rule)



The final equality requires additional justification. For m < n, let H,,., denote the sub-history
(Ap, Yo, ... An, Y,). Applying the chain rule, one has

D(Py(Hp)||P1(Hp)) = D(Py(A1, Y1)|[P1(A1, Y1) + D(Po(Han|A1, Y1)|| P (H2m| A1, Y1))
D(Po(A1)[|P1(A1)) +D(Po(Y1|A1)|[P1(Y1]A1))

-0
+D(Po(Ha:n| A1, Y1)||P1(Ha:n| A1, Y1)

where we use that the choice of A; is deterministic, and therefore does not depend on the distri-
bution of X1, Xs,.... Now,

D(Py(Y1]A1)[|P1(Y1]A1)) = Po(A1 = Measure) D(fol|f1)
since Pp(Y7 = 0) = 1 under both § = 0 and § = 1. We can repeat this process, and find
D(Py(Hom| A1, Y1)||P1(H2:n|A1, Y1) = D(Po(Ya|A2, Y1, Ay)||P1(Ya2|A2, Y1, A1) +D(Po(Hz.n | Hi:2) || Pr(Hs:n | Hi:2))

where

D(PO(}/Q’AQ, Yi, A1)|’P1(Y2|A2, Yl, Al) = Po(Ag = Measure)D(fOHfl).
Repeating this inductively we find

D(Py(Hp)||PL(Hy)) = Y P(A = Measure) = E[T,,].
/=1

2.4 Technical extension to unbounded stopping times

Stopping problems can be viewed as a special case of the optional sampling problem described
above in which we place additional restrictions on the algorithm. Formally, in a stopping problem
the agent has two actions available at each time step n, A, € {Measure, Stop}. After choosing 4,
the agent observes Y,, where

v — X, if A, = Measure
"7 10  if A, = Stop

However, now the agent’s decision rule is restricted: once selecting stop, she may never select
measure again. The agent still employs a a prediction rule ¢ = (11,2, ...) with ¢, : H,, — {0, 1},
but now we require that if v, does not change after the agent has chosen to stop. (Formally, if
A,, = Stop, then 1, (Hy,)) = ¥n(Hy)) for all m > n.)
Let
T =inf{n € N: A, = Stop}

denote the time at which the agent stops, and let T'A n = min{7T,n}.
Proceeding just as in the previous subsection, we can conclude

D(BPo(Yran)l|Pr(¥ran)) < Eo[T AnlD(follf1) ~ VneN. (1)

For any stopping time 7" with Eo[T] < oo and E;[T] < oo, one has that Po(T" > n) — 0 and
Pi(T >n) — 0 as n — oo. As a result,

Jim D (Po(vran)l|Pr($ran)) = D(Po(r)|1P1(vr))
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and
lim Eo[T A n] =[Eg [T}
n—00

We conclude that for any sequential rule satisfying Po(¥r # 0) < a < 1/2 and Pi(¢vr #1) < 8 <
1/2 must satisfy
dg(a,1 =) < D(Py(¢r)||PL(¥r)) < Eo[T]D(follf1)

or
d 1-—
D(follf1)
This matches our approximation to the expected sample size of Wald’s sequential probability ratio
test.

2.5 Chernoft’s Sequential Design of Experiments

In Chernoff’s sequential design of experiments problem, the agent is able to influence the observa-
tions they collect by choosing among a set of k possible experiments. Formally, at each time n the
agent chooses an action A4,, € {Stop, e1, g, ..., ;. } and receives an observation Y,,. Once she chooses
to stop, she must continue to play Stop in all subsequent periods. When, A, = Stop, Y, = 0,
reflecting that nothing is learned. Otherwise, upon playing A,, = e; she observes

Yn‘An =€~ f@(y‘ez)
and conditioned on A,,, this observation is independent of all past observations. Set

) fo(yle:)
D(0,0,e;) = /log (fw(yl&)) fo(ylei)dy
to be the KL divergence between 6 and 6’ under experiment e;.

The agent’s goal is to confidently conclude whether 6 € Og or § € ©; while collecting as
few measurements as possible. Let ¢* : © — {0,1} denote the optimal prediction rule, which
sets ¥*(0) = 1 if and only if § € ©;. Let H, = (41,Y1,42,Y5,...A4,,,Y},) denote the history of
observations, and as before, let 1, : H, — {0,1} denote the prediction rule employed at time n
and

T = inf{n|A,, = Stop}

denote the stopping time.
In the past lecture, we claimed that under some technical restrictions Chernoff’s procedure
guarantees

Po(vn #9¢™(0)) <6 VOE€O (2)
while using onl
- log(1/2)
Ey[T] < T ) + o(log(1/9)) as d — 0

samples. Here

k
I'"(0) := max min W;D(6,¢,e;
(6) WeAk ef:w*(e’#w*(e)z ( )

is Chernoff’s complexity measure we derived in the previous class. We now establish that this is
optimal in a very strong asymptotic sense.



Theorem 5. Any sequential procedure satisfying (2) must satisfy
dB((sa 1- 5)
Ey|T] > ———=
="
for every 8 € ©.

Remark 2. We showed above that dg(d,1—9) ~log(1/9) as § — 0, and so this matches the upper
bound up to lower order terms.

Proof Sketch. Fix some 6, and consider any 0" such that ¢*(0) # ¢*(6’). We proceed just as in
subsections 2.3 and 2.4. First, for any n € N, proceeding as in Subsection 2.3 we find

D(By(Pu)llPor(Yn)) < D(Py(Hy)||[Por (Hn))

n k
= Z ZPQ(Ae =e;)D(0,6',¢;)

(=1 i=1

k
- ZEG[Sn(ei)}D(G,Q',Gi)
i1

where S(n)(e;) = Y j_; 1{a,—¢,} is the number of times e; is played prior to time n. As in Subsection
2.4, taking n — oo, we find

k
D(Py(¢r)|[Por (7)) < Y Eo[Sr(e)]D(0,0, ;)
i=1

k .
= Ey[T] Z; EGI[E‘iT[;?)] D(8,6, ;)

By our constraint on the probability of incorrect selection, we know D(Py(vr)|| Py (1)) > dp(d, 1 —
9), which implies
k
dp (6,1~ 6) <Eo[T] )
i=1
Now, to clean up notation, let B(6) = {¢' : ¢*(0") # ¢*(0)} denote the set of parameters under
which the correct decision is different than under 8. Then, since the inequality above holds for all
0’ € B(0), we find

Eq[Sr(ei)]

EQ[T] D(H,H',ei).

k
. Eg[Sr(ei)] /
dg(6,1 —0) < Eg[T] o ;1 <E@[T’]> D(6,6', ;).

Since Eg[T] = % Eg[St(ei)], we can see that (Eg[St(e;)]/Eq [T])iequ,.. k) is a probability vector.
Therefore, we have

k

dp(0,1 —0) < Ey[T] max min W;D(0,0',e;) = Eg[T|T*(0).
WeA; 0/€B(0)
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