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APPENDIX

A RELATED WORKS

We now present a survey of related works in DP accounting.

Moments Accountant and Rényi DP.|Abadi et al.| (2016) proposed “moments accountant” that uses
Rényi DP (Mironovl 2017) to give an upper bound for the DP guarantee of composition of DP algo-
rithms. With the help of moments accountant, |Abadi et al.| (2016) proposed the differentially private
stochastic gradient descent (DP-SGD) algorithm, whose privacy loss can be bounded effectively.
However, as mentioned before, Rényi DP can only yield lossy conversion to (e, §)-DP, making the
upper bound often impractical to use. The runtime of the accountant is independent of m, the number
of composition, for DP-SGD, and is O(m) for the composition of general algorithms.

Numerical Composition via FFT. Another line of work (Koskela et al.l 2020} |Gopi et al., [2021)
approximated the privacy loss of compositions using fast Fourier transform to the convolutions of
privacy-loss random variables (PRVs). This notion is closely related to our definition of PLLRs.
Though both definitions allow for computing compositions via understanding convolutions of random
variables, we note that the two concepts stem from a different analysis framework. Specifically,
PRV amounts to finding a pair of random variables that reparameterizes the privacy curve, which
is dual to the trade-off function. On the other hand, PLLRs are defined naturally from the f-DP’s
hypothesis testing perspective, hence the random variables have a direct decomposition into sum of
the log-likelihood ratios. As a result, our Proposition[3.2]is a strict generalization which encompasses
their Theorem 3.2 as a special case when m = 1. Note that their FFT accountant is the first algorithm
that can approximate the privacy loss up to arbitrary precision, and the runtime of their algorithm is

O(y/m) for DP-SGD and O(m??) for general compositions.

Analytical Composition via Characteristic Functions. Recently, Zhu et al.|(2021) proposed using
characteristic function to analytically compute composition of privacy algorithms. Their algorithm,
Analytical Fourier Accountant, yields tight privacy accounting but fails to perform efficient computa-
tion for the sub-sampled mechanisms. Their time complexity is O(1) if the characteristic function of
their dominating PLD of m-fold is simple enough for closed-form composition, and is at least 2(m?)
when no closed-form solution is available.

f-DP accountant via Edgeworth expansion. It is worth mentioning thatZheng et al.|(2020) also
uses Edgeworth expansion for DP guarantees. Specifically, they use Edgeworth approximation as a
refinement to the CLT to better approximate the f-DP trade-off curve. The most important difference
between the two approaches is that we provide a finite-sample error bound that allows for an exact
DP accountant, while they focus solely on an asymptotic approximation to the trade-off curves. Also,
we use Edgeworth approximation on PLLRs to get an estimate of the exact characterization of (e,
8)-DP (the lower path in Figure[I)), while they directly approximate trade-off function f (the same as
GDP, using the upper path in Figure[I). Therefore, we focus more on the practical side (finite-sample
guarantee), and interpretability (directly deal with (g, §)-DP).

B ANALYSIS OF NOIsYSGD

We present the algorithms we considered in Section [I.T} To start with, suppose we have a neural
network h that is governed by weights w, with samples x; and labels y; (¢ = 1, ..., n). The prediction
for each example is h(x;, w), and the per-sample loss is given by ¢(h(x;, w),y;) for some loss
function ¢. We define the objective function L to be the average of per-sample losses

L(w) = %Zg(h(xivw)ayi)'

Stochastic Gradient Descent (SGD) algorithm uses a mini-batch as a proxy to this objective function.
To control the potential privacy leak in each step of SGD, we need to clip the gradients to control the
sensitivity, after which a Gaussian noise is added to it. The details of the algorithm is shown below.
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Algorithm 1 NoisySGD (with local or global flat per-sample clipping)
Parameters: initial weights wy, learning rate 7;, subsampling probability p, number of iterations m,
noise scale o, gradient norm bound R.
fort=0,...,m —1do
Subsample a batch I; C {1,...,n} from training set with probability p

fori € I, do
v Vi l(f (xi,W1), i)
5 min {1, R/|[v{”|2} - v" > Clip the gradient
Vi Yien, @t(i) > Sum over batch
Wit ¢ Wi — (7 (Vi +oR-N(0,1)) > Apply Gaussian mechanism and descend
Output w,,

Recall that in Section [3.1] in order to transfer the bounds from CDF approximations to privacy
parameters, we need to find a range that contains all possible roots of § = g*(g),d = g~ (). Here
we showcase how to find such bound in the case of NoisySGD.

Remark B.1. For NoisySGD, we can express such range analytically. Specifically, for any « € {1,2}
(the index of the sequence of PLLRs), we focus on finding roots in the range [0, C] for (®)* and
(@)= where C is the smallest value of € such that

P(Y(O‘) c S)
C 2 sup log ( )
SCR,P(Y(2)eS)>5 P(X (@ € S)

This is clearly a (sub-optimal) upper bound. A loose bound of the range can be easily proved to be

C =min < mlo <6> lo 0

where zs is the upper § quantile of a standard normal distribution. We can find 0 < £(®)~ < &(®)* in
the range defined above.

C FULL DEFINITION OF AEA AND EEAI

Recall that in Section the AEA and EEAI are defined for a specific trade-off function f(®). This
is only for the simplicity of notations. We now demonstrate how to generalize the definitions to the

general trade-off function of the form (infa f (a))**.

Definition C.1 (AEA for general trade-off function). The k-th order AEA of (infa f (a)) “*_DP that
defines §(¢) for e > 0 is given by 6(-) = sup,, 6(*)(-), where

3 (e) = 1= Gy (8) = € (1= Gy o x0 (), (C.H
for any a.

Definition C.2 (EEAI for general trade-off function). The k-th order EEAI of (infa f (O‘))**—DP
associated with privacy parameter §(¢) for & > 0 is given by [0~, ], where 6~ () = sup,, 6(¥)~(-),
5T () = sup,, 6+ (.), and

5(a)_(5) =1- Gm,k,Y(O‘) (5) - Am,k,Y(”> (e) — 68(1 - Gm,k,X(“) (5) + Am.,k,Xm (€)),

(C.2)
5(a)+(5) =1- Gm,k,yw) (e) + Am,k,Y(a) (e) —ef(1— Gm,k,X<a> () — Am,k,x<a>(5))-

For completeness, we also provide the formal definition of general k-th order Edgeworth Expansion
E,, 1, x . More details can be found, for example, in|Hall (2013).
Definition C.3 (Definition of k-th order Edgeworth Expansion). For any sequence of m distributions

X, X, let S, = s ng’:'ﬂxi be the standardized sum, where B,,, = V/Vard | X;.
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Define )\, = %%, where £, ; is the 7-th cumulant of X;. Assume X;’s have (k + 2)-th
cumulant. We define the k-th Edgeworth expansion E,,, ; x as
k
1 Pr(fD)
Epex (z) = B(x) + Z ), (C3)

where D is the differential operator, and P,.(—D) is a polynomial of degree 3r. The explicit form of
P,.(—D) can be written as

P.(—D) = Z <H kiz' ((Z)‘—::;)') (_D)ki(l+2)> ,

where the summation is over all the integer partitions of m such that ), ik; = m.

D IMPLEMENTATION OF EDGEWORTH ACCOUNTANT

We now present the detailed implementation of AEA and EEAL

Algorithm 2 AEA
Parameters: m general mechanisms My, ..., M,,. An epsilon € > 0, and an order k£ > 1.
fori=1,...,mdo
Analytically encode all the corresponding PLLRs for M;, {(Xi(a)7 Yi(a))}a for all a.
Numerically calculate the cumulants up to order k£ + 2 for XZ-(Q) and Yi(g) for all a.

Calculate G, ;. x( (€) and G, ;. y (o) (€) for each « using k-th order Edgeworth expansion.
Calculate §(*) (¢) for each « by (C.1).
Output sup,, 6(%)(¢).

And similarly, we present the algorithm for the general EEALI

Algorithm 3 EEAI
Parameters: m general mechanisms My, ..., M,,. An epsilon € > 0, and fix the order k = 1.
fori=1,...,mdo
Analytically encode all the corresponding PLLRs for M;, {(X i(a), Yi(o‘) )} for all .
Numerically calculate the cumulants up to order 4 for X i(a), and Yi(o‘) for all .

Calculate G, 1 x(o)(€) and G, 1 y(=) (€) for each o using first order Edgeworth expansion.
Calculate A, | x () (¢) and A, 1y () for each a using Lemma.3]or Theorem|T]
Calculate §(*)* () and §(*)~ () for each by (C2).

Output [sup,, §*)~ (g), sup, 6+ (e)].

Note that Algorithm [2| (Algorithm [3) is an algorithm to find an estimate (bounds) of ¢ given an €.
And both algorithms run in constant/linear time for m identical/general compositions. In practice,
people often would like to find an estimate or bounds on ¢ given an . To get such an estimate of ¢
given 9, we can directly inverse the Algorithm m And to get upper and lower bounds of € given 4,
we can use the inversion method discussed in Section [3.1] and specifically, the equations in (3.2).

E ADDITIONAL EXPERIMENTS

In this section, we perform more numerical experiment. Specifically, we found that in the current
implementation of the FFT methO(ﬂ they may suffer from numerical issues from heterogeneous

“Note that if we substitute Edgeworth approximation with the true CDF of PLLRs , it is direct to show (by
taking derivative) that §(®) () is always a decreasing function of &, and the supremum of decreasing functions is
still a decreasing function. Therefore, we can always take inversion.

>In all experiments, we use the update-to-date package (v0.2.0) at the time of this submission
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Figure 4: With 6 = 0.1,0 = 0.8, p1 = 0.35/y/m1, p2 = 0.02/,/m2, mz = 10m1, and
m = m1 +mg, the FFT method suffers from numerical issues and fails to correctly evaluate the
¢ for large m. The left subplot demonstrates that as m grows larger, the FFT method provides
negative € bounds. And the right subplot truncates all epsilon bounds to be positive, showing
that our EEAI provides stable bounds even for such large m. This numerical instability may be
inherent to the fact that FFT has polynomial dependence on m, and as m grows very large, the
numerical stability is an important issue to address. In this case, our EEAI is still numerically
stable and useful even when m is very large.

composition with large m. The issue could either prevents the code to run at all, or, in the case that
the code successfully executed, have incorrect privacy guarantee. We demonstrate one such example
in Figure ] where we find the FFT method could succeed in running, yet producing incorrect results.
We consider two different subsampled Gaussian mechanisms: M/; with noise multiplier o = 0.8 and
subsample rate p1, and M5 with noise multiplier o = 0.8 and subsample rate ps, we consider the case
when we need to compose m; times of M; with mq times of My. Similar to the setting in Figure@
we still set the same precision of € of FFT method as 0.1 (and if we tune down the precision further,
even more severe numerical issue will occur). The privacy guarantees computed by our method and
their method are shown in Figure[d Since the FFT method requires discrete convolution for each
mechanism, it can be numerically unstable as m grows larger. In contrast, our analytical finite-sample
Edgeworth bounds could be more stable in those scenarios.

F PROOFS IN SECTION [3]

F.1 PROOF OF PROPOSITION[3.2]

We present the proof of Proposition [3.2]in this section. The proof relies on two Lemmas that are of
self-interest and we first present the lemmas. The proof of Proposition [3.2]is straightforward from
results of Lemmas. Recall that the trade-off functions f; = T'(P;, Q);) we consider are realized by
the two following hypotheses:

HO,i LWy~ Pi VS. Hl,i LWy~ Qi,

where P;, (; are two distributions. To evaluate the trade-off function f = ®:r;1 fi, we are essentially
distinguishing between the two composite hypotheses

Hol’UJNP1><P2><---XPm VS. lewale2x~-~me, (Fl)

where w = (w, ..., w,, ) is the concatenation of all the w;’s. The following lemma shows how to
connect PLLRs of each f; to the trade-off function f.

Lemma F.1. Let X,,..., X, be the PLLR under the null hypothesis and, likewise, Y1,...,Yy,
be the PLLR under the alternative. Let Fx ,, Fy ., be the CDFs of x = X; + ... + X,,, and
Y = Y1 + .- + Y, respectively. Then we have the following relationship between privacy
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parameters and privacy-loss log-likelihood ratios

ce] Fy . (c)

% (@)

. , (F2)
5:kawﬂl—ka@D—ka@Ml—Fxm@»

where c is some constant.

Proof of Lemma[F1] To distinguish between Hy : Py X Po X ... X Py, v8. Hy : Q1 X Q2 X .. X Qs
By the Neyman-Pearson lemma, we know that each point of the trade-off function f is realized by a
likelihood ratio test (cut-off at some threshold c). So, the trade-off function takes a parametric form
f(a) = B, where « is the type-I error of the test, and 3 is type-II error of the test:

_ dP1XP2><~--><Pm
a_PHO <log <dQ1 XQQ X me(w)> >c>

B dP1><P2><~-‘><Pm
8 = P, (bg(dleQﬂ.__me(w)) gc>

Note that under H,, we have

dP; x Py x --- X Py, _ dP; dP,,
log<dleQ2X“'me(w)> —log((wl)x--.x de(wm)>

= log <3Qll(w1)> + -+ log (f;g?l(wm)>

and similaly under H1,
(dPle2x~~><Pm
log
dQ1 X Q2 X -+ X Qm
So, we can simplfy the parametric form of f by f(a) = /3, where
Oé:P(X1+"‘+Xm >C) = I—FX’m(C)
B:P(Y1+"'+Ym SC) :Fyﬁm(C).

(w)) =Y+ 4Y,=Y

This allows us to simply write
fl@) = Fym o Fy (1= ).
For a point («, ) on the trade-off function f, where
B = From(e) = Frn (Fih(1-a)),

and « is small. By the equivalence given in Proposition 2.5 inDong et al.|(2022), we know that the
slope of the tangent line passing through («, 3) (for small «v) is given by

1 o (Fibn(1 - )

c_d (1) =—
e (Fxin(1 =) Fleon (Fiin(1 =)

= o) = B (L - )

)

which gives
By (Fxl =) oy Frm(©)
P (Bl ) T @
The equation of the tangent line takes the form of

Fym(0)
 Fym(©)

€ =log

Y= (x =14+ Fx.m(c)) + Fym(c).
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Using the same proposition,we know the intercept of the line is 1 — 4, so we should have
~ B9 (= Fxm() B (©) (1= Fxm(¢) + F 1 () Fym(c)

e Fie (@ vl = Fie () /
which gives
51 Fy . (e) (1= Fx m(c)) + F)’(vm(c)Fy,m(c)
Fx m(€)
Fxm(€) (1 = Fym(c)) = Fyp(c) (1 = Fxm(c))
Fy m(€) ‘
Therefore, € and § takes the following parametric form as in the statement of the lemma,
/
e = log szm(( ))
X,m
5 — Pxm(© (= Frim(0)) = Fyp(0) (= Fx m(c))
Fx m(c) '

To simplify the relation in (E2)), we observe the following interesting lemma about PLLRs.
Lemma F.2. Let X1, Xo,..., Xy, and Y1,Ys, ..., Yy, and Fx o, Fy,m be defined as in LemmalF.1|
Let fx m, fy,m be the PDFs of "\ | X; and Y " | Y;. Then we have for any c € R,
fY,m (C)

Fem(@)" (E3)

c=log

Proof of Lemma[F2] We use induction on m, the number of compositions, to prove this Lemma.

Base Case: m = 1. When m = 1, we write out the forms of X and Y explicitly as

Q1(w1)
X =1 h ~ P,
og Pr(wn) where w; (p
Q1(w1)
og Pr(wn) where wy ~ Q1

As a result, for any measurable function g : R — R, we have
Q1(w1)
E YY) =Eu ~ 1
VI00)] = Busa | (102 B
Ql(w1)> Ql(wl):|
=Ey~pr, lo
ot {g ( * Pilwy) ) Pilw)
Qi(w1) x
=Ey,~ 1
1 Pl |:g(0g Pl(wl) €
= Ex[g(X)e™].
Since the above equality holds for all g, we must have that their exists a version of both PDFs such
that fy1(t) = fx,1(t)e’. This shows that for m = 1,

fya(c)
% Fao)

Induction Step: Suppose the result is true for m, we now show that it is also true for m + 1
compositions. We now claim the following Lemma.

Lemma F.3. Let Ay, Ay, By, By be four random variables. Denote the PDFs of Ay, As, By, By by
fay, fas, By, fB, respectively. Suppose further that

fBl (t) = g(t)fA1 (t)a fBZ (t) = g(t)fAz (t) fOV all t,
for some function g satisfying g(x +y) = g(x)g(y). Let fa 2, fB 2 denote the density function for

A1+ As, By + Ba. Then
IB2(t) =g(t)fa(t) forallt.

c=1
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Proof of Lemma [F-3| will be given at the end of the proof. Applying Lemma[F3]on random variables
=37 X, Ay = X1 and By = Y10, Y;, By = Y41, we will show that we get the desired

relationship for m + 1 compositions. By induction hypothesis we know that [, (t) = g(t)fa, (t) for

g(t) = €. Since fy,, ., (t) = g(t) fx,,., (t) by the base case in induction, and g(z + y) = g(z)g(y),

we have fy,m+1(t) = g(t) fx m+1(¢) for all ¢. This indicates that we have

Jym+1(c)

fxm+(c)

for any c. Hence we have completed the induction step and concluded the proof.

c=log

O]
Proof of Lemma[F:3] We use the convolution formula on By, By and obtain
o) = [ fu(t =), ()
— [ gt =g fas (e~ w)fas(w)d
= g() fa,(t — u) fa, (w)du
= g(t)faz2(t)
by convolution formula on Ay, As.
O]

Proof of Lemma[3.3] Define
— (3 (@)
) = (g 1) (o)

which is convex and lower semi-continuous by definition of convex conjugate. By Fenchel-Moreau
theorem, we have h** = h. Denote (g,d(¢)) to be the equivalent dual relationship to f =

inf, { f(®)}**-DP. From Dong et al.|(2022) we know that
de)=1+ ((ixréfzf(a)>*** (—ef) =14+ h""(—€°) =1+ h(—e°).
By order reversing property of convex conjugate, we have
d(e) =1+ h(—e)
=1+ (mf f(a))* (—e®)

acl

=1+ sup f@*(—e)
a€l

~s (1417 9)

= sup () (e)
a€cl

where we used dual relationship for each a¢ € 7 again in the last step. And the other direction
follows directly from the duality of f-DP and (e, §(¢))-DP, meaning that if the mechanism satisfies

(¢,8Up,ez 0(*))-DP, then it also satisfies f = (infa{f(“)})**-DP.
O
G PROOFS IN SECTION []

G.1 PROOF OF THEOREMII]

Proof of Theorem E} We first briefly introduce the idea of the proof. The main idea is to construct a
random variable X; by choosing an a > 0, such that it stochastically dominates X; (that is, X; < X
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a.s.), and satisfies E(X;) < 0. We then choose n(a) = —IE(X;) which is a positive number. In
what follows, we will explicitly construct X; so that X; can be decomposed into the sum of two
sub-Gaussian random variables with parameters 0%, 0%. Then since X; < X; a.s., we deduce that

P (in > s) <P (ng > s> =P (ng - E(X) > €+mn> ,
i=1 i=1 i=1 i=1
The final conclusion, which will be proved at the end, follows from the sub-Gaussian bounds.

For notation-wise convenience, we first define a quantity depending on the value of &;, where

1 1—p
Al6:) = X~ (= 50) =g (p+ =2 ).
eHSi—3

It is obvious that A(&;) is a strictly decreasing function of the value of &;. Now, we construct the
random variable X; as follows. Define

X; = A; + B,

X; if & < a,
A; = . G.1
{a“‘,u—%,ug—&—A(a) if& > a. G1

where

and

0 if fi < a,
B; = . G.2
{&,ua*u if& > a. G2)
¢(a)

Here, we define o™ = %5 (ay- Note that a™ > a for any a > 0 by bounds on Mills ratio. To shed

light on this decomposition, we first show that )?i stochastically dominates X;. Since A(;) is a
decreasing function in &;, hence when &; > a, we have A(&;) < A(a). As a result, when &; > a,

= 1 1
Xi =&ip— §M2 +Aa) =2 &Gp — §M2 +A&) = X
This guarantees that X, > X; as.. Another good property of this decomposition, we observe that
A; is sub-Gaussian due to Lemma|G.1} and B; is a mean-zero sub-Gaussian random variable from
Lemma|G.2] Proof of the two Lemmas is postponed to the next section.

Note that the above construction is valid for any a. Now we show that there exists some a > 0 such

that E(X;) = —n(a) < 0 where 1(a) only depends on a. Note that

E(%) — E(X;) = / (A(a) — A©))o(E)de,

a

where ¢(z) is the density for standard Normal random variable. Also recall that E(X;) < 0. Then

oo

E(X,) = E(X,) + / (Aa) — A©)o(€)de

a

= E(Xi) + ¢(a),

where e(a) satisfies that lim,—o e(a) = 0. This is because by construction [ (A(a) —

A(&))o(€)dE > 0 and that

e(a) = / " Aa)p(e)de - / T A©6(©)de.

The second term vanishes as £ — oo since A(€) is integrable. For the first term, if A(a) < 0
the integral is already negative. If A(a) > 0 we have [ A(a)¢(£)d¢ < [ A(0)p(£)d€ which
also vanishes. As a result, we have shown that lim,_, . e(a) < 0. Combined with what we have
above, we deduce that lim,_, -, e(a) = 0 as required. Then we can pick a large enough such that

e(a) = —3E(X;) and we have E(X;) = 3 E(X;) < 0.
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Now we can combine the previous results and prove the tail bound of Y ", X;. Recall we have

constructed random variable )A(:z = A; + B; such that X’Z > X, a.s. with E()?l) = —n(a) < 0.
Moreover, A;, B; are both sub-Gaussian with parameters 0% and 0%. Then we have

P(ijxizg)gp<i)?izg>zp<ix Z]E >g+mn>
_P(i/x ZIE Z iE(B-)>s+mn>
P(iAi—ZE(Ai) E+mn>+P<iB ZIE Hm"),

where the last inequality follows from the union bound. Finally, since A;, BZ- are both sub-Gaussian,
we know that their sum Y ;" | A;, > | B; are still sub-Gaussian. Hence

- e—l—mn (e + mn)?
P(ZA ZE >§ex10<—8ma?4 )
i=1
m m
s+ e+mn (e +mmn)?
i=1

IN

As a result,

d (e + m)? (e + mn)? (e + mn)?
P(ZXi>5><eXp(_87no_?4 + exp —W < 2exp g2 )

i=1
where

7% = max{0%,05}

— max { (log(1 — p+pera=31") 4+ p(a* —a) —log(1—p))* ,  (at —a)*u? }

4 S log(®(at) — ®(a))

G.2 TECHNICAL LEMMAS

Lemma G.1. The random variable A;, defined in (G.) is sub-Gaussian random variable with

log(1 — pa—gpu + _ a) —log(1 — p))2
parameter % where 0 = (log(1 — p + pet72t") +4u(a a) —log(1 —p)) .

Proof of Lemmal|G.1} The proof of Lemma [G.1] is straightforward, we show that A; is bounded
and thus sub-Gaussian by Hoeffding’s inequality Note that when §; < a, we have 4; = X; =

log(1 —p + pe“gi_%"z) < log(1—p+ pera=3zn* ). Moreover, since X; is bounded below by
log(1 — p), we deduce that when &; < a, we have

log(1 — p) < A; < log(1 _p_’_peﬂa_%uz)’
which is bounded as desired.

On the other hand, when &; > a, by definition of A(&;),

— ) —log(1 — p+pe*~31) 4 p(a* — a),

1
A;=atp— =p® +log <p+
eHe ™

2

which is a constant. Since a* > a, in this case the above constant is greater than log(1 — p +
pe“a_%‘f) Combine the above two settings, we deduce that A; € (log(1 — p),log(l1 — p +
pele— L )+ p(at —a)) is a bounded random variable. By Hoeffding’s inequality, it is sub-Gaussian
with parameter deﬁned in the Lemma.

O
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Figure 5: The value of

Lemma G.2. The random variable B; defined in Equation (G.2) is a mean-zero sub-Gaussian
. . 2 _ 2 (at—a)?
random variable with parameter o3 = 1 max 1 1, TTog(B(at) =B (@) |

(at—a)?

Remark G.3. We note that as a function of a, TTog(®(aF) —5(@))

is always less than 1 as @ > 0. Its plot can be found in Figure|[5| Therefore, by truncating normal at a,
we essentially loss nothing, since B; is still a sub-Gaussian random variable with parameter p.

is in fact a decreasing function, and

Proof of Lemma[G.2} Recall the definition in Equation (G.2)), we can re-write B; as a mixture random

variable
B — 0 w.p. P(& < a),
’ §ip—atp wp.P(& > a).
where é =& |§i > 0 is the normal N(0, 1) truncated at a > 0, whose probability density function is
given by
o(t)
)= ——~—
0= 5
From Lemma|[G.4] we know the expectation of B; is
E[Bi] =0+ (1 - ®(a))(E[&] — a*)u = 0.
Therefore, to prove that the mean-zero variable B; is sub-Gaussian, we only need to bound the

probability of P(B; > t) and P(B; < —t) for any ¢ > 0 with the form of exp(— ) for some
o> 0.

fort > a.

We will first prove the part for P(B; > t) Note that
P(B; > t) = (1 — ®(a))P(&ip — a™pu > t)
= (1= ®(a))P(Gip—atp > t)
= (1 ®(a)P(& > a” +1t/p)
(®(a* +1t/p) — 2(a))
— (12 (1- )

(1 —®(a))
=1-®(at +1t/p)

2
<1-—9(t/p) < exp (‘21;2) )

where the fourth equality is due to (2) in Lemma[G.4] the first 1nequa11ty is due to the fact that

at > a > 0, and the last inequality is due to the fact that A/'(0, ) is sub-Gaussian with parameter

1.
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We now prove the other side. Observe that B; > u(a®™ — a), so for t > u(a™ — a) we have
P(B; < —t) = 0. Therefore, we only need to bound P(B; < —t) for 0 < t <= u(a™ — a). Note
that in this range,

P(B; < —t) <P(B; < 0) = (1 — ®(a))P(&n— a*pu < 0)
= (1 - ®(a)P(E < a')
— 3(a") - ¥(a),
where the last equality is again due to (2) of Lemma[G.4] On the other hand, we have for any o > 0,
2 (n(at - a))? N
exp <M> > exp <%‘2 , forany 0 <t < p(a™ — a).

And with the choice of 0% = p? %, we have

t (u(a® —a))? +
holds forall 0 < ¢t < p(a™ — a).
Therefore, combining the two sides, we know that B; is sub-Gaussian with parameter max{u?,

2%} which concludes the proof
K Slog(®(aT)—B(a)) I Proot.

O

Lemma G.4. For a truncated normal distribution EZ with density f(t) = %7 fort > awe have

1 E(&) = 2.

2. P& < t) = 220,

Proof of Lemma This is based on several well-known truncated normal properties, and is easy
to prove from the density function. Therefore we omit the proof here. [

H DETAILS OF EDGEWORTH APPROXIMATION ERROR

The following discussion is largely adapted from |[Derumigny et al.|(2021) to be self-contained. For a
distribution P, let fp denote its characteristic function; similarly, for a random variable X, we denote

by fx its characteristic function. We recall that fxr(,1)(t) = e~t*/2. Some constants are used in the
definition.

« Denote by y; the constant y; := sup,~qz > ’cos(x) — 1+ 22/2| ~ 0.099162 (Shevtsova,
2010),

* Denote by 6} the unique root in (0, 27) of the equation 2 + 26 sin(#) + 6(cos() — 1) = 0,

* Denote by ¢} := 07 /(27) ~ 0.635967 (Shevtsova, 2010).

H.1 DETAILS OF FIRST-ORDER EDGEWORTH EXPANSION

We now provide details on the first-order Edgeworth expansion in Lemma4.3] The main narrative is
adapted from Derumigny et al.|(2021).

We first define the reminder term 74 ,,,. To this end, we define

U(t) := % (1 —|t]+1 [(1 — |t]) cot(mt) + Slg:(t)]) 1{|t| < 1}

where ¢ is the imaginary number. Note that from [Prawitz| (1975) we have the following bound for
function W:

1.0253 i 1 2
U(t)) < " and |[U(t)— — | < = [1—|t|+ —¢2).
|()|_27r|t| a"’() 2m’—2( |+18>
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‘We further define
V2e(m/Ka,m)'/* .3
2 2 1Uu° A3
I3 (T) : = = U(u/T —eu /21 - 2 03m ) g
()= [ (/) [, () = 07 (1= P50 )
2 [T 29
haT)i= 7 [ (/7)) [ 75,0 (0) — 72| du
V2e(m/Ka m)*/*
Lag(T) : = 2Peml [ (/T2 du
3,3 =5 )
T 6vm Jaz(m /K m) /4

and 7 ,, is defined to be

(14.1961 + 67.0415) K% |Asm|exp (*2m2/K§,m)

m = : I3o(T I3 3(T
Tm 1674m? + 3my/m I32(T) + I(T)
\/25(71,/K4W)1/4
1.0253 ' ,
/ ue_“Z/QRl’m(u,E)du. (H.1)
™ 0

Fore € (0,1/3) and t > 0, we further define

Rute): = Dam® + Uiam(®) BREm (L Pun(®) \* T Daml Kam (1 Prm(e)
bm A=) 2(1 — 3¢)? ! 2m2 \24 " 2(1 — 3¢)? 6m3/2 24 " 2(1 — 3¢)2
Pin(®) 144 4 48¢ + 42 4+ {96V/2¢ + 32e + 16v/2e%/2} 1 {Ji € {1,...,m} : E [(X; — :)®] # 0}

1,m(€) = >

, 576
q@i=ew (& (5+ 555

t6 K4,m 3/2 t8 K4,m 2
Uim() =57 —=) +55(—2) ,
24 m 24 m

6 m 36 m 72 m

)

Urom(t) : = (”5 <K4vm>5/4 i (K‘*’m)m L (K‘*vm)m) 1{3ie{l,....m} E[(Xi — u)®] #£0}.

Observe the bound from Lemma [4.3]is a bound of leading order O(1/,/m), which is due to the
fact that the variables in the sequence may not be identical since we may encounter non-identical
compositions, and we do not require any continuous property of the densities (and their existence as
well). When we have i.i.d. distribution of absolute continuous density, we can guarantee to have an
O(1/m) explicit bound of the difference as

0.195K4 , +0.03803,  1.02 bm t
< 4, Sm 10 53/ [ ( )|dt+r2,m,
m 7T . t
where a,, = 2t*1‘7r\/7n/l?3,m, b, = 167T4m2/1~(§’m, and ry ,,, is a remainder term that depends

only on K3 y,, K4 1 and A3 ,,. Specifically, the term 7 ,, is defined by

1.2533K%,,  0.3334|\gn| K4, 14.1961K15,  [Asm[exp (—128W6m4/ ff?,m)
"2m T T nim? 1674m>/2 16471618 3my/m
+I52(T) + I 3(T) 4 Is 4(T) + J3(T') + J5(T')
| 10253 /\@(m/ Kam)'/*

Q0 0

ue*“Q/QRLm(u7 g)du.
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Here,
1o = B ol (T e
5.2 =F1im u u’e u,
3TVM ) 3z (m) Ka )/
9 T1/4
2
L5(T) = By / 19 (u/T)| | £, (u) — e=/2| du,
V2e(m/Kam)'/*
‘A3m| Tix 3 —u?/2
I 4(T) := Eg o |U(u/T)||ul’e du,

3T\/E T1/4/7'r

where By i=1¢ 5z (), m)1/4<T1/4/7T} and Es m := 1ggu/a op) - Further, T = 1674 m? /K4 ..

Note that if T%/* > T or v/2¢ (m/Kym)"* > T'/*/x, our bounds are still valid and can even
be improved in the sense that the corresponding integrals can be removed. Further, we have the
following bound for the terms I5 o, I5 3 and I5 4:

1/4 )0
sl [T L0253 > 2
3V )z (m) Kam) 4 Cor

_ W (r (3/2,5 (m/K47m)1/2) -T (3/2,T1/2/27r2)) :

I5 o(T)

IN

92 T1/4/7'r 5 t2 X1|t|3f(3,m t
I5a(T) < 7 (/TS o exp (& Xl K | TV
V2e(m/Kam)'/* m

Ks ~
= St (3,V2e/ (k) TV 7, Ko s Ko, Tm)

and

I;4(T) = m (r (3/2,T1/2/27r2) T (3/2,T2/27r2)) :

and all the terms converge exponentially fast to zero. Here I'(a, z) is the incomplete Gamma function
and can be numerically evaluated.

For the other terms, we have

J3(T) := 2 i | U (u/T)||fs,, (u)] du = T§/4 /tI ’ (v/T3/4)‘ ’fsm (T1/4v)‘dv,

T T1/4/7'r
9 T/m
T =g cany 7 | o /D ]
2 T/7 5
(@)= 2 [ e
T T1/4/7T

Obviously, now all the above bounds are real integrations, and can be calculated numerically.

H.2 EXTENSION TO HIGHER-ORDER EDGEWORTH EXPANSION

We now briefly state that how we can extend the current first-order Edgeworth bound to higher-orders.
We essentially need to upper bound the approximation error by a careful decomposition. For example,
when extending to the second-order Edgeworth expansion, we have the following new smoothing
Lemma.

Lemma H.1. For every ty € (0,1] and every T > 0, we have
Am,E < Ql (tO7T) + Q? (th T) + Q3 (thT) 5
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where

fo i >
Ql (to,T) :2/ -_— 67(Tt) /2
0

Al [THE N3 |THC
) L PanlITt A8 T
27t
1/*“ o (‘ Aam| | TH A3, Tt
1+ -
t

(¢t
(*) 24m 2m

6y/m

ml T3
ol |>dt’

As,m || T3
L Pal] |>dt

T t 24m 2m

6y/m

0

1
Qp (t0,T) =2 [ W] s, (T8)] dt,
to

Q3 (to, T) ::2/0 ") dt.

L3 4 2 6
fs, (Tt) — e~ TO*/2 1 A3,mi(Tt) +)‘4,m(Tt) ~ A3m(TH)
" 6yv/m 24m 2m

Using such bound we can numerically compute €2 (to, ") , Q2 (to,T') , Q23 (to, T') for suitably chosen
to, T and get the uniform bound on Edgeworth expansion of different orders. It is expected that the
order of approximation error decays as we increase the order of Edgeworth expansion. In practice
however, we notice that first-order Edgeworth expansion already yields accurate results.
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