A Additional details on quasi-refreshment

In this section, we extend marginal quasi-refreshment beyond what is discussed in the main text and introduce
conditional quasi-refreshment, which tries to match some conditional distribution of (p¢, 6¢ ) to that corresponding
distribution in the target.

Marginal quasi-refreshment We begin by presenting a more general version of Proposition

Proposition A.1. Consider random vectors Y, Z,Y' . Z' € R® for some d € N. Suppose that Y L Z and that
we have a bijection R : R* — R? such that R(Y") LY. Then

DKL (R(Y/)aZ/HK Z) = DKL (Ylvzl”Y? Z) - DKL (Y/HY) .

Proof. Since R is a bijection,
Dir, (R(YY'), Z'||Y, Z) =Dy, (Y, Z'||R7H(Y), Z) .
Because Y Il Z, and R(Y") 4 Y,
Dy, (Y, Z'[|[R7H(Y), Z) = Diw, (Y/|IR(Y)) +E [Dkr. ((Z'Y")]12)]
=E [Dk (Z2'Y)12)] -
Then we add and subtract Dy, (Y”||Y") to obtain the final result,

E [Dxr, (Z'[Y))|1Z)] = Dkw, (Y, Z'||Y, Z) — Dxy, (Y']]Y) .

Then Proposition [3:3]follows immediately from Proposition [A-1]}
Proof of Proposition[3.3] By settingY = p, Z = 0,Y' = p;, and Z' = 6, we arrive at the stated result. [

More generally, in order to apply Proposition [A-T] we first need to split the momentum variable into two
components (p*, p®) in such a way that p 1L p® under (0, p) ~ 7, and then set Y = p and
Z = (p¥,0). Since we know that p ~ N(0, I), we have quite a few options. For example:

e SetY = p,and Z = 6. Then
YU Z and Y ~N(0,I).

* SetY = ||Dpl|j3and Z = (i (I — D)p, 9) for any binary diagonal matrix D € R**?, Then

I1Dpll2?

Y 1 Z and Y ~ x*(trD).

* SetY = a”pforany a € R? such that ||a|| = 1,and Z = ((I — aa”)p,0). Then
YU Z and Y ~N(0,1).

Note again that the first option recovers the marginal quasi-refreshment in the main text. Now we use the above
decomposition to design a marginal quasi-refreshment move. Suppose we have run the weighted sparse leapfrog
integrator Eq. (7 up to time ¢, resulting in a current random state 6, p:. Let the decomposition of the current
state (6, p;) that we select above be denoted Y’, Z’. Then the marginal quasi-refreshment move involves

finding a map R such that R(Y”) < Y. We can then refresh the state via (R(Y”), Z’), and continue the flow.
In addition to the parametric approach to designing R presented in the main text, if Y is 1-dimensional—for
example, if we are trying to refresh the momentum norm Y = || p||2—then given that we know the CDF F of Y/,

we can estimate the CDF F' of Y using samples from the flow at timestep ¢, and then set
R(z)=F! (F’(x)) .

For example, we could use this inverse CDF map technique to refresh the distribution of ||p||3 back to x?(d), or
to refresh the distribution of a” p back to A’(0, 1).
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Conditional quasi-refreshment A conditional quasi-refreshment move is one that tries to make some
conditional distribution of (p, 6;) match the same conditional in the target. If one is able to accomplish this for
any conditional distribution (with no requirement of independence as in the marginal case), the KL divergence is
guaranteed to reduce.

Proposition A.2. Consider random vectors Y, Z,Y'  Z' € R? for some d € N. Suppose for each s € R% we
have a bijection Ry : R* — R? such that (Rs(Y') | Z' = s) £ (Y | Z = s). Then
DKL (Rz/(Y/), Z/H}/7 Z) == DKL (ZIHZ) .

Proof. By assumption the distribution of Y given Z = s is the same as that of R;(Y") given Z' = s; so the
result follows directly from the decomposition

Dy, (Rz:(Y'), Z'||Y, Z) = Dkr, (7'||1Z) + E [Dxr, (Rs(Y')|Z' = 9)||(Y]|Z = S))], S<Z
O

Conditional moves are much harder to design than marginal moves in general. One case of particular utility
occurs when one is willing to assume that (6, p;) are roughly jointly normally distributed. In this case,

O A [ [He EeTe Yop
Pt Mo’ E@p Xop] )’
so one can refresh the momentum p; by updating it to Ry, (p:), where
Ry(z) = B2 (m — Hp — Egngol (s — N9)) and ¥ =X,, — Egp250129ﬂ-

Here Propositionapplies by setting Y = p,Z = 0,Y’ = p;, and Z' = 6. In order to use this quasi-
refreshment move, one can either include the covariance matrices and mean vectors as tunable parameters in the
optimization, or use samples from the flow at step ¢ to estimate them directly.

B Details of experiments

We begin by describing in detail the differences between HIS-Full/UHA-Full and
HIS-Coreset/UHA-Coreset. It is worth noting noting that we were unable to train HIS/UHA with
full-dataset flow dynamics; even on a small 2-dimensional Gaussian location model with 100 data points, these
methods took over 8 minutes for training. Therefore, as suggested by [21, [23], we train the leapfrog step
sizes and annealing parameters by using a random minibatch of the data in each iteration to construct the flow
dynamics. To then obtain valid ELBO estimates for comparison, we generate samples from the trained flow with
leapfrog transformations based on the full dataset (HIS-Full/UHA-Full). As a simple heuristic baseline that
also provides a valid ELBO estimate, we compare to the trained flow with leapfrog transformations based on a
fixed, uniformly sampled coreset (HIS-Coreset/UHA-Coreset) of the same size as used for SHF.

We now describe the detailed settings that apply across all three experiments in the main text. In all experiments,
SHF uses the quasi-refreshment from Eq. (8) initialized using the warm-start procedure in Section 3] with a batch
of 100 samples. We use the same number of leapfrog, tempering, and (quasi-)refreshment steps for all of SHF,
HIS and UHA respectively. The leapfrog step sizes are initialized at the same value for all three methods. For all
three methods (SHF, HIS, and UHA), the unnormalized log target density used in computing the ELBO objective
is estimated using a minibatch of S = 100 data points for each optimization iteration. For both HIS and UHA,
the leapfrog transitions themselves are also based on a fresh uniformly sampled minibatch of size 30—the
same as the coreset size for SHF—at each optimization iteration. HIS and UHA both also involve tempering
procedures, requiring optimization over the tempering schedule 0 < 81 < --- < fr—1 < fr = 1, where R
denotes the number of tempering steps (equal to the number of quasi-refreshment / refreshment steps in all
methods). We consider a reparameterization of (31, ..., 8r) to (a1,...,ar—1), where a,r = Logit(Br+1/06r)
forr € {1,..., R — 1}, ensuring a set of unconstrained parameters. The initial value for each r is set to a, = 1.
For UHA, the initial damping coefficient of its partial momentum refreshment is set to 0.5. We estimate all
evaluation metrics using 100 samples. To estimate KSD, we use the IMQ base kernel with its parameters set to
the same values as outlined in [45] (8 = —% and c = 1).

In addition to HIS and UHA, we also include adaptive HMC and NUTS in our comparison of density evaluation
and sample generation times. We tune adaptive HMC and NUTS with a target acceptance rate of 0.65 during a
number of burn-in iterations equal to the number of output samples, and include the burn-in time in the timing
results for these two methods. Finally, we compare the quality of coresets constructed by SHF against UNI
and Hilbert-0MP. For both UNI and Hilbert-0MP, we use NUTS to draw samples from the coreset posterior
approximation. For Hilbert-0MP, we use a random log-likelihood function projection of dimension 100d,
where the true posterior parameter is of dimension d, generated from the Laplace approximation [47].
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Figure 6: Linear (top row, Figs. to and logistic (bottom row Figs. to@ regression: posterior
approximation quality results. The lines indicate the median, and error regions indicate 25" to 75%
percentile from 5 runs.

B.1 Synthetic Gaussian

To train SHF, a total of 5 quasi-refreshments are used with 10 leapfrog steps in between; a similar schedule is
used in HIS and UHA for momentum tempering and refreshment respectively. The initial distribution is set to
0o ~ N(0,1) and po ~ N(0, I). For all methods, the number of optimization iterations is set to 20, 000, and
the initial leapfrog step size is set to 0.01 across all d dimensions. We train all methods with ADAM with initial
learning rate 0.001.

B.2 Bayesian linear regression

To train SHF, a total of 8 quasi-refreshments are used with 10 leapfrog steps in between; a similar schedule is
used in HIS and UHA for momentum tempering and refreshment respectively. The initial distribution is set to
0o ~ N (15,0.011) and po ~ N(0, I). For all methods, the number of optimization iterations is set to 50, 000,
and the initial leapfrog step size is set to 0.02 across all d dimensions except for the dimension for the log o2
term, where the step size is set to 0.0002. We train all methods with ADAM with initial learning rate 0.002. We
also include the posterior approximation obtained from the Laplace approximation, where we search for the
mode of the target density at some location generated from the same distribution as that of 6. Figs.[6] [8]and[7]
provide additional results for this experiment. Fig. [a] shows that the ELBO obtained from SHF is a tighter lower
bound of the log normalization constant compared to HIS and UHA. Fig. [6b|shows that SHF produces a posterior
approximation in terms of energy distance than all other methods; Figil% shows that SHF is competitive, if
not better, than the other methods in terms of KSD. Figs. [7a]to[7d]show that the coreset constructed by SHF is
of better quality than those obtained from UNI and Hilbert-0OMP in terms of all four metrics shown. Finally,
Figs. [8a]and [8b]show the computational gain of using SHF to approximate density and generate posterior samples
as compared to HIS and UHA.

B.3 Bayesian logistic regression

To train SHF, a total of 8 quasi-refreshments are used with 10 leapfrog steps in between; a similar schedule
is used in HIS and UHA for momentum tempering and refreshment respectively. The initial distribution is set
to 0o ~ N(15,107*I) and po ~ N (0, I). For all methods, the number of optimization iterations is set to
100, 000, and the initial leapfrog step size is set to 0.0005 across all d dimensions. We train all methods with
ADAM with initial learning rate 0.001. We also include the posterior approximation obtained from the Laplace
approximation, where we search for the mode of the target density at some location generated from the same
distribution as that of 6o. Figs.[6]to[8] provide additional results for this experiment, where similar conclusions as
in the Bayesian linear regression experiment can be drawn.
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Figure 7: Linear (top row, Figs. [7a|to[7d) and logistic (bottom row Figs. to regression: posterior
approximation quality results. The lines indicate the median, and error regions indicate 25" to 75%
percentile from 5 runs.
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Figure 8: Linear (Figs. and and logistic (Figs. and regression: timing results based on
100 samples.

C Gaussian KL upper bound proof

Proof of Proposition3.1] Suppose we are given a particular choice Z C [N] of N indices of size |[Z| = M € N,
M < N. Let Wy = {weRY :Vn € [N],n¢ T = w, =0}. In the d-dimensional normal location
model, the exact and w € Wz-coreset posteriors are multivariate Gaussian distributions, denoted as A (1, 1)
and NV (i, Xw) respectively, with mean and covariance

N
1 I 5
e T (nZ_an> and - X =17 Copwa) M e ( wan) '

nel
The KL divergence between these two distributions is
1 1+ N 1+ N T -1
D dl — | " dt+d| ————— - by — .
() = | —tog (Tt ) = d (T ) G )5 = )
We can bound this quantity above by adding the constraint ) |, w, = N, yielding

xe

nerl

2

N?
o D (moflr) < min | 5y

where X = L ZN X,,. and AM~1 is the M — 1-dimensional simplex w > 0, 17w = 1. We aim to show
that with hlgh probablhty (over uniform random choice of Z and realizations of X,,,n € [IN]), there exists a
w e AM~1 quch that X = > net wp Xr, and hence the optimal KL divergence is 0.

Since X,, % (0,1),VN'X ~ N(0,1), 50 |vVN X||* ~ x*(d) and therefore for any s > /d/N,
_ 2 §2 d/2
B(IX] > s) < (%e“TN> : ©)

In other words, as N increases, we can expect X to concentrate around the origin. Therefore as long as the
convex hull of X,,, n € Z contains a ball of some fixed radius around the origin with high probability, we know
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that X is a convex combination of X,,,n € Z. The radius of the largest origin-centered ball inside the convex
hull of X,,,n € Z can be expressed as

. T . T
r* = min b st. YneZ, a X,—-b<0= min maxa X,.
a€R%:[|al|=1,b>0 a€R4:|jal|=1 NET

By Boroczky and Wintsche [37] Corollary 1.2], S¢ can be covered by

Na(o) = & 602%2 log(1 + dcos® ) < ¢ “Aa, Ay = Ce?d? log(1 + d). (10)

sin?

balls of radius 0 < ¢ < arccos \/m, where C' is a universal constant. Denote the centres of these balls

a; € 8% i=1,...,Na(¢). Then

r* > min max (a; +v)" X,
i€[Ng(¢)],veR:|v]|<p nET

> min  max a; X, — ¢[| X
i€[Nq ()] n€T

Therefore the probability that the largest origin-centred ball enclosed in the convex hull is small is bounded
above by

P(r*<t) < ]P( min max al X, — ¢|| Xn| < t)
i€[Ng(o)] n

< Nu(o)P (mgg aT X, = 6 Xa]l < t)

= Nu(o)P ("2 - o7 <t) ",

fora € S? and Z ~ N (0, I). Since Z has a spherically symmetric distribution, a is arbitrary, so we can choose
a=1 0 ... 0T . IfweletU ~ N(0,1)and V ~ x*(d — 1) be independent, this yields

P(aTZ—¢||Z|| gt) :P(U—cb U2+ vV gt)
:]I”(U—tgqb\/U?—f—V)
<PU<2)+P(V>¢2(U—-1t)?-UU>2t)
<o2t)+P (V' > ¢ %),

where V' ~ x?(d) and ®(-) is the CDF of the standard normal. Therefore as long as t > ¢v/d ,

P(V' > ¢ 2%2) =P (V’ >d (@;E)2>
A
: <(¢x/c7) ‘ ) '

We now combine the above results to show that for any ¢ > ¢\/E

P(r* <t) < Na(¢) (<I>(2t)+d Tetgdplem 30T )M. (11)

Finally we combine the bound on the norm of X Eq. @b the bound on 7* Eq. (11| and the covering number of
S? Eq. tl for the final result. For any ¢ > max{¢Vv/d,\/d/N '} and ¢ < arccos \/W’

_ — M
P (X ¢ conv(Xp)nez) < d - 2e?tdN¥2em 30N +¢’dAd( (20) +d Fet gy Ule2? 2”)

Set ¢ = % and t = s/d/N. Aslong as N > 2 and s > 1, we are guaranteed that ¢ >
max{¢v/d,\/d/N} and ¢ < arccos \/F as required, and so

M
P (X ¢ conv(Xn)nez) < e%sde_%s2 + N%Ad <<I> <5\/ ;l\cfi) + egsde_gs2) .

If wesets =+/logN +1,

d g _dg2 _d d 4d 1 log N
55%e72 = N 2(logN+1)2 & (sy/2 | ==+ 4
ez2s’e N 2(logN +1) (s N) 5 O( N

So then setting M = dlog,(N) — £ log, (log(N)) + log, Aq yields the claimed result. O
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D Gaussian KL lower bound proof

Proof of Proposition[3.2] Let z(t) = (6¢, p+). The evolution of z(t) is determined by a time-inhomogeneous
linear ordinary differential equation,

dz(t) [ o 1
e A(t)z(t) At) = {7072 77(75)} )

with solution
t
2(t) = P20 Bt:{ } t:—/ t)dt.
(1) O BO=|_ oy g 9 =-[ 0

Therefore by writing 7o = A (m(0), X(0)), z(t) ~ ¢ = N (m(t), 2(t)), where

m(t) = 2Om(0)  B(t) = POD(0)eBV” . (12)
The second result follows because tempered Hamiltonian dynamics where «(¢) = 0 identically is just standard
Hamiltonian dynamics. For the first result, suppose go = N ({,u ] , F ﬂ02:|) for some i € R, 8 € Ry. Note

0 0
that in this case, it suffices to consider

m(0) = {6‘] ¥(0) = 1. (13)

This is because the function ~y(t) is arbitrary; one can, for example, set y(t) = —¢ ' log 3 for t € [0, ¢) for an
arbitrarily small € > 0, such that the state at time ¢ is arbitrarily close to the desired initial condition. The KL
divergence from g; to 7 is

det X2

|:log (WEU)) —2+1tr (S7'2(1) + m(t)TE_lm(t)}

_1 |:10g (%tzi)) ~otur (27 (S0 + m(t)m(t)T)ﬂ .

By Egs. and (13) and the identity tr AT A = | A||%,

Dkr (gi||7) =

= N =

[\]

Dxr, (q:l|7) = % {log (dj:i;i)) —2+tr (Z_leB(t) (1 + m(O)m(O)T) eB(z)T)}
- % [log <£§7§t)) —2t HZf%ﬁB(” (1+ m(O)m(O)T)% QF] : (14)

From this point onward we will drop the explicit dependence on ¢ for notational brevity. Note that B has
eigendecomposition B = V. DV ! where

g A =htvVR2—1 A =h—-+vh2_-1

= 50T
V=t B 091] {i Aj D=to! [A0+ AO,] .

Also note that if || < 1, this decomposition has complex entries, but e is always a real matrix.

Then the log-determinant term in Eq. (T4) can be written as

log (ﬂ> :logﬂ :logg—2 :logi =

det X(t) det 3(0) det e2P e29 edhto !

By e® = VePV ™!, the squared Frobenius norm term in Eq. is

2(logo — 2hta ™). (15)

2

|17 = Hz*%ew (I+m(0)m(O)T) ’

F
o (ey —e)? 2 2 oy (e —dpe-\? | o (Ae —Ageq )’
=7 =) (g 1 AcCt T Akl Aceo T Aver ) )
(A= —Ap)? (Ltu) 4o+ +M)( e —e- ) o ( e —e- )
where e, = e!7 M e = et A Let

sinh(t, h) = sinh (t071 h? — 1) cosh(t, h) = cosh (t071 h? -1 ) ,
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we further simplify and get

2tho 1 . 2 . 2
s € sinh(t, h) 2 2 2\ { hsinh(¢, h)
Iz = = ( e A+p"4+07)+ (14 up) T —cosh(t,h) | +
5 (hsinh(t, h) )2
——=* + cosh(¢t, h . 16
(Mo (t.h) (16
_ -1 2 _ — h 3
Definea =to™"v/h? —1 and b T for h # 1. Then together with Egs. 1i and , Eq. 1) can be

written as

D1, (¢¢]|7) = log o — 2ab — 1+

eZab

202

((b2 — 1)sinh(a)*(1 + p® + 0°) + (1 + &%) (bsinh(a) — cosh(a))? + o (bsinh(a) + cosh(a))2) .
an
Note that if |h| > 1, then @ > 0 and |b] > 1; if |h| < 1, we can wrlte a = ia fora’ > 0and b = b’

for v’ € (—oo,—1) U (1,00). We now derive lower bounds for Eq. (17) over a and b under three cases:
(k| > 1,b> 1), (Jh| > 1,b < —1), and (Jh| < 1).

Case (|h| > 1,b > 1): Using the identity cosh(x)? — sinh(x)? = 1 and sinh(2z) = 2sinh(z) cosh(z),

2ab
202 ((b2 -1) sinh(a)202 + 02(b sinh(a) + Cosh(a))2)
:e; ((b2 -1) sinh(a)2 + (bsinh(a) + Cosh(a))2)
2ab

_° (2()2 sinh(a)2 +14+ bsinh(2a))

e?®®  bsinh(2a)
+ _ 7
2 2

>2ab,

>

where the second last line is obtained by noting that 2b sinh(a)? > 0, e2*® > 2ab, and the last line is obtained
by noting that for |h| > 1 and b > 1, we have sinh(2a) > 2a and €>*® > 1. Substituting this to Eq. ,

2ab
Dkr, (g¢]|7) > logo — 14+ — 957 ((b2 —1)sinh(a)?(1 + p*) + (1 + p*)(bsinh(a) — cosh(a))Q)
e (1 + p?)

>logo — 1+ (2b” sinh(a)® + 1 — bsinh(2a)) . (18)

202
For |h| > 1,b > 1, weknow a > 0. Whena > 0Oand b > 1,

e2ab(1 + /112)

557 (2b2 sinh(a)® +1 — bsinh(2a))) >0
o

0
% <10g0—1+

and increases with a. Therefore

eQab(l 4 ,U«Q)

5 (2b” sinh(a)® + 1 — bsinh(2a))) =0.
g

arg min <loga -1+
a€Ry

We also note that when we set a = 0, Eq. is constant for all b > 1. Then by substituting a = 0 to Eq. (T8},

we get

At+p?) oo, LHm

202 o8 4o

I)Kll(thﬁ) 2i10g17‘7 1‘+

Case (|h| > 1,b < —1): Note in this case, (b* — 1) sinh(a)?0* > 0, o (bsinh(a) + cosh(a))? > 0, then
we can lower bound Eq. (T7) by

Dkr (gI7) >

( — 1) sinh(a)?(1 + p*) + (1 + p*) (bsinh(a) — cosh(a))z)

>logo —2ab—1 & TH) i) (2b” sinh(a)® + 1 — bsinh(2a))

(1
20
2ab(
20

>logo —2ab—1+ ), (19)
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where the last line is obtained by noting 262 sinh(a)? — bsinh(2a) > 0 when |h| > 1 and b < —1. Also when
|[h| > 1and b < —1, ab < 0. We then minimize Eq. (19) over ab < 0, treating ab as a single variable. The
i

. . . 2
stationary point is at (ab)* T

= Since Eq. (19) is convex in ab, the optimum is at (ab)* if 20 <1,
and otherwise is at (ab) = 0. Therefore

1
5 log T2

2 2
B logo — 1+ 1t 20 >1
DKL (QtHﬂ') Z { ! 1+}—L2 202 1;:7%2 g
og 20 1+H2 — 1
1 2
> log 71— K
o

Case (|h| < 1): Write @ = ia’ and b = b’ where a’ > 0 and b’ € (—o0, —1) U (1, 00). Using the identities
sinh(z) = —isin(iz) and cosh(z) = cos(ix), we can write Eq. as

Dy, (q¢||7) =logo + 2a'b" — 1+
ef2a/b’

202

((b'2 + 1)sin(a)?(1 + p® + o) + (14 1) (b'sin(a") + cos(a'))2 +0° (b'sin(a’) — cos(a'))z)

67211’13’(1 +,u2 +U2)
202

=logo +2a'b — 1+ (b/2 +1+b fsin(2d') —b? cos(2d")),

where f = iﬁ%g; We know
1 _
a’* =argminb” 4+ 1+ b fsin(2a’) — b cos(2a’) = = tan™" (—é) + nm,
a’ ERy 2 b

where n € Z such that %‘uanf1 (7%) + nm € Ry. Then by 2V (14w 4o?) >0,

202

6_2a/b/(1+/j,2—|—0'2)
202

—2a’b’ 2 2
—logo +2d't —1+ ¢ (12;“ +o) (02 +1-62/T+ (F/0)7).

Sincev/14+z <14 %x,

Dkt (¢:||7) > logo +2a’d" — 1+ (b + 14V fsin(2a"™) — b cos(2a"™))

—2a’b’ 2 2
1 1
Dict, (@1][7) > logor +2a's — 14+ & e ) (1 - 5f2) . (20)

The stationary point of Eq. as a function in a'b’ is at
207
(1+p2+0?) (1-3/?)

Since Eq. is convex in a’b’_and a’b’ € R, we know the minimum of Eq. is attained at (a’b’)*.
Substituting (a'b")* back in Eq. and noting 1 — 22 > 1, we get

(a'b)" = —% log

2 - 2’
_ (1+p*+0°) (1- 5/
D1 (g:]|7) > log 2 =3/
g
2 2 2
Zloglﬂiﬂzloglw _
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