6.790 Homework 7 Solutions

This homework is for study purposes and will not be handed in or graded.
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1.

1 Generative model warmup

(a) We are considering a variety of different generative models, trained on some dataset

D={xWm_,.
For each of the following models, describe what parametric models (including neural
networks) are learned and how we use them (and/or the training data) to obtain a value
for the density p(x), for a novel input x (or explain that it’s difficult/impossible).

i. kernel density estimator

ii. auto-regressive model

iii. Gaussian mixture

iv. continuous-time probability flow (out of our scope, feel free to skip)

v. variational auto-encoder

vi. diffusion model (out of our scope, feel free to skip)

Solution:

i. Kernel density estimator. It is a non-parametric model so no parameters are
learned. Given a new datapoint, and choices of kernel K and bandwidth h:

n

1 — 1)
P(X):nhle<X}z( >

ii. Auto-regressive model. Assuming x can be decomposed into m orthogonal co-
ordinates x;, a model is learned to estimate from training data for every j <
[1,m] pe,;j(xjlx1:j-1).

m

p(x) = po,1(x1) Hpe,j (xj1x1:5-1)
=2

iii. Gaussian mixture. The parameters of a Gaussian mixture are typically learned
through the EM-algorithm from which we can derive the means ., covariance
Y and mixture weights 7.

K
p(x) =) m N(xlp, L)
k=1

iv. Normalizing flow. The parameters of the transformation, typically parameterized
with an invertible neural network, are learnedvia gradient descent to maximize
the likelihood of the observed data under the transformed distribution. Given a
learned normalizing flow fg the likelihood of a new point is:

p(x) =pz(fo(x)) det Bx

where p7 is the density under the base distribution.
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v. Variational auto-encoder. The parameters of the autoencoder neural network are
learned via gradient descent to maximize the Evidence Lower Bound (ELBO) ob-
jective. It is intractable to compute the likelihood of a point under a VAE, as it
would require integrating over the latent variable, however one can estimate a
lower bound through the ELBO:

logp(x) = Eq, (z1x) logpe(x | 2)] —KL(qq (z | X) lIp(2))

vi. Diffusion model. The parameters of the neural network describing the score func-
tion of the diffusion model are learned through gradient descent with the score
matching objective. The likelihood is not tractable for SDE based diffusion mod-
els, but using the ODE formulation we can compute it similar to normalizing flows
via: T

logp(x) =logpT(xT) —J tr <6f9(xt,t)> dt
0

aXt

where x; is the trajectory obtained running the ODE process in reverse and fg the
learned drift function and the term inside the integral is the trace of the Jacobian
of f.

(b) Now, for each of these same models, describe how to draw iid samples from the learned
density.
i. kernel density estimator
ii. auto-regressive model
iii. Gaussian mixture
iv. continuous time probability flow
v. variational auto-encoder
vi. diffusion model

Solution:

i. Kernel density estimator. Randomly sample a datapoint from the training data x(*) and
then sample a point from the kernel distribution centered at x(1).

ii. Auto-regressive model. Sample x; from pg,;, and then recursively sample x; from
Po,j (Ix1;5-1)-

iii. Gaussian mixture. Sample a mixture k proportionally to 7, and then sample a point
from N(uy, Zy).

iv. Continuous-time flow. Sample a point from the base distribution z ~ pz, follow the
vector field forward (see last question).

v. Variational auto-encoder. Sample a point z from the prior distribution. Run the decoder
to get the parameters of the final distribution (e.g. pux = po(x|z), sample from this final
distribution.
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vi. Diffusion model. Sample a point from the prior distribution, xt ~ pT, run the reverse
diffusion process with the learned score to obtain a sample x at time 0.

2. We can interpret logistic regression as determining a conditional distribution p(Y | X).

(a) Explain how to sample from p(Y | X = x) for a novel value x.

Solution: Having learned the parameters w and b from the training data, the condi-
tional probability of p(Y = 1|X = x) = o(w ' x + b) where ¢ is the sigmoid function.
Therefore to sample from it, one can sample a random element from r = U[0, 1] and
return 1 if r < o(w'x + b) and 0 otherwise.

(b) Let’s explore the ability of logistic regression to represent posterior distributions. Imagine
a training set D = {(xV,yW)}*  where x(!) = (1) for all i, and where y!) = +1 for
proportion p of the data (and 0 for proportion 1 — p).

Show that in the limit of large n, the learned likelihood p(Y =1 | X = (1)) converges to

p-

Solution:

In the limit of large n we can assume that our training data contains a proportion of
exactly p positives and 1 — p negatives. Let ¢ = o(w +b) = p(Y | X = (1)). The
corresponding binary cross-entropy loss to minimize is:

1 & ) )
- _ - (1) _y® —
L(w,b) = o ; [y log(oc(w+Db))+ (1 —y'")log(l — o(w+ D))
therefore:
£(q) =—plogq—(1—p)log(l—q)
Taking the derivative w.r.t. q and setting that to O we obtain that q = p, therefore
p(Y=1[X=(1) =p.

2 VAE

This question closely follows the development in Kingma, Diederik P., and Max Welling. "An
introduction to variational autoencoders." Foundations and Trends in Machine Learning.

3. (a) If our goal is to construct a model of a data distribution pg(x), what advantage is there in
turning it into an apparently harder problem of modeling pg(x, z) for some latent variable
z?

Solution: In the case of a Gaussian mixture, p(x,z) = p(x | z)p(z) has a simpler
parametric form than p(x).
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(b) Consider a distribution over x € R such that p(x < v) = F(v) for some cdf F.

i.

ii.

iii.

iv.

vi.

Vii.

How is F(x) distributed if x ~ p(x)?

Solution: Unif(0,1)

If we wanted to make a latent variable model with p( ) = Unif(O 1) which of the
following choices for p(x | z) would guarantee that p(x) = [, p(x | z)p(z)dz?

v/ A distribution that assigns probabilty 1 to x = F1(z2).

(O A distribution that assigns probabilty 1 to x = F~1(p(z)).

(O A Gaussian N(F(z),1).
If we wanted to make a latent variable model with p( ) = N(0, ) z) , which of the
following choices for p(x | z) would guarantee that p(x) = [, p(x | z)p(z)dz?

(O A distribution that assigns probabilty 1 to x = F 1(z).

O A distribution that assigns probabilty 1 to x = F~1(p(z)).

J/ A distribution that assigns probabilty 1 to x = F~1(G(z)), where G is the

Gaussian cdf.

(O A Gaussian N(F(z),1).
Now, let’s say we want to train a neural network with parameters 0 to represent
p(x | z), by maximizing the log likelihood of some training set D = {x(!) . What
loss function would we minimize, ignoring (for now) computational 1ntractab1hty?

Solution:

=3 tog| polx¥ | plzlaz
i=1 z

Why is it hard to minimize, especially in high dimensions?

Solution: We don’t generally have a closed form for the integral and numerical
integration is expensive in high dimensions.

Provide an approximation to the loss function, based on sampling.

Solution:
- 1 S (i) [, 0)
_ log — i
Z 0g § po(x' | zY7)
i=1 z;~N(0,1);j=1

What problems might we have with this estimator if we sample z ~ N(0,I) in high
dimensions?

Solution: The “weights” pe(xm | zU0)) would generally be near 0 and it would
take a lot of samples to get a useful gradient for optimization.

(c) The strategy in a VAE is to learn a new distribution q¢(z | x), called the inference model
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that will hopefully generate samples that will tend to have high values of pg(x(!) | z).
Let’s focus on a single data-point x.

i

ii.

iii.

iv.

We observe that
Po(x, z)

1 =1
°Polx] % polz )

Verify this.

Solution: It follows directly from the identity:

Pe(x)pe(z|x) = palx, z)

dividing by the conditional probability and taking the logarithm.

If we are going to sample using the inference model, then it’s useful to view this as

pe(X, Z) :|

lo x) =Eq, (21x) |10
gpe( ) q¢(z| )|: gpe(Z|X)

which we can (apparently gratuitously) rewrite as

Po(x,z)q¢(z | x) ]
Polz[x)q¢(z|x)

But this lets us divide into two terms that are useful:

Pe(x,Z)} [ qMZX)}
10 X :E zlx 10 N +E Z|X 10 ()
gpro(x) =Eq, (2 ){ qu,(z\x) a9 () | 08 5 TN

logpe(x) =Eq, (2Ix) [lo

and they have names!

logpe(x) = ELBOg ¢ (x) + KL(qg(z | x) [ pe(z | x))

We are going to work on maximizing the ELBO rather than logpg(x). Why is that
more straightforward?

Solution: Because we have learned pg(x|z), from this obtaining pg(z|x) is in-
tractable.

Show that ELBOg ¢ (x) < logpe(x). When are they equal?

Solution: Above we showed:

log po(x) = ELBOg,¢ (x) + KL(q¢ (z | X) || pe(z | X))

the KL is always non-negative, therefore ELBOg ¢ (x) < logpg(x). They are equal
when the KL is zero, therefore q4(z | x) = po(z|x) for all z.

Write an expression for the ELBO in terms of the data likelihood and KL(qd)(z |
x) || pol(z | x)). Assuming that our neural networks have infinite representational
capacity and the optimization works perfectly, if we optimize ELBOg ¢ (x), what can
we say about pg(x)?
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Solution:
ELBOg,¢ (x) =logpe(x) —KL(qg(z | x) [ po(z | x))

assuming infinite capacity and perfect optimization for any value of 6, ¢ will be
chosen to minimize the KL divergence and therefore chosen such that qq (z | x) =
po(z | x) and the KL is zero. Then the optimization of 6 boils down to maximizing
the likelihood of the data. With infinite capacity pg(x) will converge to model
exactly the training data distribution.

(d) It’s time to maximize the ELBO via stochastic gradient descent!

i. First, with respect to 0. If we represent pg(x,z) = pe(x | z)p(z) where p(z) is a fixed
spherical Gaussian, and pg(x | z) = N(NNg(z), 0>) where NNg(z) is a deterministic
neural network parameterized by 0 and o is a small fixed standard deviation, write
an expression for

VGELBOQ,(‘)(X)

Solution:

ELBOg, ¢ (x) = Eqq(zlx) [logpg(xz) +logp(z) —logqe(z| x)}

1
VeELBOel(b(X) = EQMZ\X) {_ ?]NNQ(Z)(G)T(NNG (z) — X)]

ii. Now, with respect to ¢. This is harder because ¢ appears in the distribution that
we're taking the expectation over:

ELBOg, ¢ (x) = Eq, (z1x) [ 10g Po(x,2) —log q4 (z | X)]

So we can’t just push the gradient inside the expectation, tempting though it may
be. Instead, we need to do the reparameterization trick! (See Murphy book 2 section
6.3.5) Instead of taking the expectation with respect to a distribution q over z, we’ll
define a new random variable € ~ N(0,1) and define z = g(€, ¢, x). Now,

VELBOg, ¢ (x) = Vg Ec [logpe(x, z) —logqg¢(z| x)}
=EcVy [logpe(x,z) —log qq(z | x)}
~ Vg [logpoe(x,z) —log qe(g(e, d,x) [ X)]

Write an expression for this gradient, assuming we represent q¢ (z | x) = N(NNg(x), 0?)
where NN, (x) is deterministic a neural network parameterized by ¢ and o is a small
fixed standard deviation. It will depend on g. (We won’t go into strategies for choos-
ing g, but the paper describes it nicely.)
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Solution:

V$ELBOg ¢ (x) = Vg [logpo(x,z) —log q¢ (g(e, d,x) [ x)]
= V(I) 1ng9(X/Z) - v(b 108 qd)(g(e/ d)lx) | X)
=Jg(e.ox) (@) (Vz10gpe(xlz) + V. 1logp(z))

1
+ 552Vl INNg (x) — gle, 0, )
= Jg(e (@) (VaNNo(2) — =)
3O () — T ()T (NN () — (e, 6, )

where p(z) = N(p,, 021).

3 Mixture models
4. Consider a simple mixture model involving two spherical Gaussians in two dimensions. So
x € R? and

2 2
P(x[0) = Y P(z0)P(xlz,0) = > pN(x;uz,02])
z=1 z=1
We will initialize the parameters of this mixture model as follows
p1=p2=05 W =, 03=207

The initialization is also shown graphically in Figure (1| (top middle). The circles are drawn
exactly one standard deviation (e.g., 01) away from the corresponding mean (e.g., 1). The
larger dashed circle corresponds to the second component with larger variance.

Given the initialization above, which one of the figures a-d) of Figure [1|represents the mixture
model that we get after one EM-iteration? Briefly justify your answer.
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Figure 1: Top left) observed data; top right) initial mixture model; a-d) candidate mixture models
resulting from one EM update.

Solution: Key points: Full credit given for choosing option b) and providing justification.

The EM algorithm proceeds by first assigning points to Gaussians based on posterior prob-
abilities (E-step), and then re-estimating the Gaussians (and the mixing proportions) based
on these weighted assignments. The correct figure is b).

The Gaussian with larger variance (#2) receives higher posterior assignments for points
that are further away. It therefore moves closer to the overall mean of the points, over-
shooting slightly as the points at the center of the initialization are assigned primarily to
Gaussian #1 with smaller variance. One can analogously explain why Gaussian #1 moves
less.

5. Suppose we have a k-component mixture of spherical Gaussians model. Which of the follow-
ing initializations of mixing proportions, means, and variances have a chance of recovering
the underlying clusters assuming our assumption about the model family is correct? If the
initialization is likely to fail, describe how. We use a shorthand [k] = {1, ..., k}.

1. p; = 1/k,j € [kl; uj = uo, j € [k, for some common y; 05 = 0p, j € [kl, for some
common oyp.

2. p; =1/k,j € [kl; uj = wo, j € [kl, for some common po; oj, j € [k], are set to different
values
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3. p; =1/k,j € [kl; uj, j € [k], are set to randomly chosen data points; o5 = o0y, j € [k], for
some common oy.

4. pj, j € [k] are randomized; w; = uo, j € [k], for some common wo; oj = oo, j € [k, for
some COmImon oy.

Solution: Key points: Full credit given for stating that 1 and 4 are likely to fail due to
identical mean and variance updates, while 2 and 3 have a chance at success. Partial credit
given for saying that only 1 is likely to fail.

1. The initialization fails. Since the Gaussians are all equal initially, the posterior as-
signments are also all equal. All the Gaussians in the mixture are updated the same,
as if there was only a single Gaussian.

2. The initialization can succeed. Compare to the earlier question. The different vari-
ances of the Gaussians result in different posterior assignments allowing them to
separate.

3. The initialization can succeed. The posterior assignments in the first E-step differ.
This can fail if one or more Gaussians are centered on outlier points. The resulting
posterior assignments would progressively focus around those individual points and
the Gaussians would peak (variance going to zero) around those individual points.

4. The initialization fails. This is the same case as the first one. The posterior assign-
ments are spread uniformly across the points for each Gaussian. Specifically, each
point is assigned to each Gaussian with posterior probability that equals the prior
mixing proportion. These probabilities do not vary from point to point. As a result,
the weighted mean, variance estimates of the Gaussians in the M-step are the same
for all Gaussians, and the problem repeats.

6. In this question and the next we revisit the ELBO introduced in Section 2, and show how it
can be also used to view the EM algorithm for estimating a mixture of k spherical Gaussians
model.

.....

tions Q(z|x!), provide explicit parameter estimates of the mixture model as a function of these
choices (M-step). In other words, solve § = argmax, ELBO(Q; 0) where

n k
ELBO(Q;0) = ) {Z Q(zlx') log [p-N(x'; uz, 031)] + H(sz)}

i=1 \z=1

Solution: Key points: Derive maximizing values for each u,, 0., and p,, by taking gradi-
ents or applying inequalities. In the case of p,, the solution must take into account the
constraint that Z’;Zl P2 =1, e.g. using Lagrange multipliers.
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We derive the maximizing p,, ., 02, z € [kl, either by finding stationary points of the
ELBO, or performing the Lagrange multipliers method on the ELBO whenever one of our
maximizing parameters is constrained. Note that, given the choice of posterior Q(z|x!), the
H(Q,xi) term vanishes in any partial derivative of ELBO with respect to the parameters.
In addition, for clarity, let g,(x') denote the probability density function of N(x!; u,, 021)
evaluated at x'.

First we show the derivation of maximizing means p,, z € [k]. Each p, is independent,
and for any given p,, the stationary point is given by:

d a n k )
a—ELBO Q;0) logpzf +logg,/(x')) =0
Hz i=1z'=1
) , )
- 1 I | TV _
-5 ;Qa ( ozl = i) =0
n
:>ZQZ\X x—uz)—O
n . .
=1z ) Qlzlk') = Z Q(zlx)x!
i=1 i=1

where in the second line we remove terms that don’t depend on p,. So our estimate for .,

is
o, - i1 QUeixx
- Z?:1 Q(7~|Xi) '
2

The variances o3 are similarly unconstrained and maximized at the stationary points of
the ELBO. Notice that our process of arg-maximizing the p, did not depend on the 02, so
we can use our chosen 1, as a given in our process for arg-maximizing o2. We perform a
similar calculation as the above ., derivation:

n k
0 )
aG E E Q(z'x")(logp.s +log g, (x')) =0

Zi=1z'=1

) — d 1
—_— 2 —
a(r ;_1 Q(zlxY) < > log(2mo*) 202

aa ELBO(Q;0)

) -0

:ZQW)( e+ gl —uznZ) =0
i=1

n

=0 dZQ zlx) :Z (zhxh)xt — ]2

i=1

o Y QY lxt — p?
S =TT Q)
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Our weights p, are constrained, so we maximize the ELBO subject to le‘zl p- = 1. Apply-
ing Lagrangian multipliers, we minimize ELBO(Q;0) — A (Zlgzl P — 1), where A is the
multiplier:

d k n (|
ap(ELBO(Q;G)—A(sz—1>> ZQZX —A=0
z z=1

i=1
which gives
1« :
Pz =30 Qlzi).
i=1
In other words, we should have p, Y ' ; Q(zlx!) scaled by a constant to satisfy the
constraint 3, p, = 1. We get

n k

?\:ZZQ(zlxi) =n

i=1z=1

so we conclude that the maximizing p, is

ks

Pz =

n
> Q)

7. Recall that we can equivalently write the ELBO estimation criterion as

n

ELBO(Q;0) = Z { log P(x'0) — KL(QZlXiHPZlXi,G)}

i=1
Show that when Q(z/x!) = P(z|x},0p) forallz € [k] andi =1,...,n, then
Vo KL(QzxiPzixi,0)|gg, = O (vector)
for all i = 1,...,n. This result ensures that VoELBO(Q;0)lg—e, = Vo Y i~ log P(x'0)|g—e,

after each E-step. In other words, the lower bound criterion not only agrees in value at 0 = 9
but it also has the same derivative as the log-likelihood.

Solution: Key points: Take the gradient of the KL divergence and show this is zero. Solu-
tions should not evaluate the KL divergence at 6 = 0, before taking the gradient.

Because Q(z|x!) does not depend on 0, the gradient of the KL divergence simplifies as:

k
Vo KL(Qxi[Pzixi,0) = Vo <Z Q(zlx")log Q(zlx') — Q(zlx") log P(zlx}, 9))

z=1

k
Q (zIx1) :
=) % oP(zlx',0).
z=1 | ' 9
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Evaluating the gradient at © = 8y, the coefficients cancel since Q(z/x!) = P(zlx!, 8y), result-
ing in

k
Ve K]—(Qz\xinpz\xi,ene:eo = Z _VBP(Z|X11 e)|9:90'
z=1

Finally we move the gradient outside the sum and apply the constraint lezl P(zlx},0) =1
foralli=1,...,n.

= Vo (~1)]g_g, =0.
=09

k
VG KL(Qz|xi”P(Z|Xi/ e))‘e:eo = ve (Z _P(Z|Xi/ e))

z=1

4 Diffusion models

8. Let’s consider a simple diffusion model in 2D. In other words, we are generating samples
x € R2. The dataset available to us consists of only two points, [1,0]" and [0,1]".

(a) Let B¢, t=1,2,..., T refer to the noise variance we add at step t. In other words, at step
t in the forward process we update the example according to x¢ = /1 — Bxt—1 + v/ BtEt,
where e¢ ~ N(0,I). Let oy =1 — B¢ and ¢ = ]T;Zl «s. What is the resulting forward
model distribution at step t conditioned on x¢? Hint: you can start by writing x, as a
linear combination of xy and Gaussian noise € ~ N(0,I) and note I is the identity 2d
matrix.

Solution: We can iterate the noise updates to get

X2 = /1 —Ba(v/1—Bixo + v/Bre1) + v/Brez

where €; ~ N(0,I) are independent. Simplifying this further, we get x, = /&xxp +
V1 — &€, e ~N(0,1). Note that we only need to match the means and variances of
this x¢ expression conditioned on xg since it is distributed like a Gaussian. Extending
this argument for all t, we get

Xt = V&XXg + V 1-— i€, €~ N(O,I)

In terms of probability distributions, we can write

qjo(xlxo) = N(xlv/&exo, (1 — & )1)

which we also refer to as “transition kernel”.

(b) Since the forward process is applied the same to each example in our dataset, we can ask
what the distribution is over x; marginally across the examples. Write down an expression
for this distribution. You can assume that the examples are selected with equal probability,
i.e., q(xg) =1/2forxg=[1,0]" orxg = [0,1]".
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Solution: We get a mixture distribution over the examples.

x) =Y q(x0)qo(x/xo)
= Z q(x0)N (x|v/&exo, (1 — &)1T)

1
fN (x|v/& 1,01 1—oct)I)+2N x|va 0,117, (1 — &)1

(c) Suppose we use a simple estimation criterion for our reverse process, i.e., we find eg(x¢, t)
that minimizes

Exot,e {ll€ — €olxe(xo, €),t)]*}
where x¢(xg, €) = /&xo + V1 —&te and xp ~ q(xp), € ~ N(0,I). Consider a fixed X.
What is the resultlng optimal estimate for eg (X, t) if our reverse model can be arbitrarily
complex? Write down the solution as an expression involving €, x¢(xg, €) and %.

Solution: The squared error is minimized at the conditional mean, i.e., we wish to
calculate
E{elxt(xo, €) =&}

where x is also a random variable in this expression.

(d) To evaluate your answer to the previous question note that you can think of the problem
in terms of a graphical model xg — x¢, € — x¢ where we know the marginal distributions
over xg and € and how they give rise to x; through x(xg, €). We observe x; = % and wish
to calculate the resulting posterior over €. What is this posterior?

Solution: Given %, the posterior over € can be calculated directly from the graphical
model:

quO (€l0, )P (x¢ = Rlxo, €)

where P(x¢ = &|xq, €) enforces that /&¢xg + /1 — &€ = X. Thus € can only take two
possible values, one for each value of xp:

e(xo, t) = (R — V&x0)/V/1 — &t

each with probability proportional to q(xo)N( e(xo, t) |0, I).

(e) Briefly describe how the optimal answer for the reverse process, i.e., our estimate €g (%, t)
for a fixed %, behaves as t becomes very large.

Solution: Both of the answers that € can take converge to X as & — 0. Thus the
conditional expectation will also be %.
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5 Flow Matching

9. This question is based on lecture 23; for more background see Yaron Lipman, Ricky T.Q. Chen,
Heli Ben-Hamu, Maximilian Nickel, and Matt Le, "Flow Matching for Generative Modeling."

Given sample space RY we can use a continuous probability "flow" to represent a target dis-
tribution p;(x), by learning an invertible transformation from some simple known distribution
po(x). We will use this method to model a data distribution q(x) ~ Unif({xV),...,x(™}).

(a) A probability flow is continuous time-indexed function, such that for all t € [0, 1], p¢ is a

(b)

(©

(d)

pdf over R, We are going to think about the probability ﬂowE] induced by fixing po and
p1, then defining a distribution of linear paths

X0 ~ Po(x)
x1 ~p1(x)
xt = (1 —1)xg + txq

We'll start by considering the case of a fixed x;. If xg ~ N(0,I), what is the distribution
Pt(x¢ | x1) such that x¢ ~ p¢?

Solution: This is a linear combination of two Gaussian random variables. We know
(and not too hard to show!) that if Y = a1X; + a»X, where X; ~ N(pl,a%) and
Xz ~ N, 03), then Y ~ N(ajpy + aspp, a20? + a303). So,

xt | x1 ~ N(txg, (1 —1)%1)

What is pt(x | x1) ast — 1?

Solution: It approaches a delta distribution that assigns probability 1 to x;.

Now, more generally, if x; ~ p1(x) what is p¢(x)?

Solution:

pe(x) :J pe(x | x1)p(x1)dxg

The whole reason we’re trying to find alternative ways of thinking about learning p; is
that complicated densities are hard to represent and learn directly. An alternative pa-
rameterization of the whole probability flow p. is in terms of a time varying vector field
dxi/dt = v¢(x¢), that intuitively has the property that if we start with py, and let the
probability “flow” as specified by this vector field, the distributions p. will match the ones
we desire and, in particular, will converge to p; as t — 1.

IThis is called a probability path in the paper.


https://arxiv.org/abs/2210.02747
https://arxiv.org/abs/2210.02747
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(e)

®

The continuity equation from fluid flow tells us the relationship between this velocity field
and the probability flow:
Ept(x) = —Vx - (pt(x)ve(x))

t
In one dimension, for intuition, this is simplyﬂ

d d

apt(x) = _apt(x)vt(x)

So now. We know what we want our probability flow to be: p;. What is the v; that will
result in our desired p¢?

X1 —X
wid = | 5= | du
X1

Explain intuitively why this makes sense.

Solution: If we know x; (a "target" x value), and we are currently at x at time t, then
we only have time 1—t left, and so we had better have velocity 5= in order to make
it there in time!

But, if we just know we are at x at time t, we don’t know where we should be heading
(that is, we don’t know x1). So, we’ll have to integrate over possible target points,
given where we are now.

What is p(x1 | x,t)?

Solution:

pelx [ x1)p1(x)

p(xl | X, t) = Pt(X)

Show that our definitions of v¢(x) and p¢(x) satisfy the continuity equation, in 1D, and
assuming xg ~ N(0, 1).

It’s kind of tedious to do by hand (and Mathematica can do it!) so fine to use the fact that
for a fixed x1,

d d

d—tpt(x | x1) = —a(pt(x [ x1)ve(x [ x1))
d d X1 —X
—N(txq, (1 —1)?) = ——N(txq, (1 — t)?
a. (tx1, ( )%) x (txq, ( ))1_t

2You may have forgotten the notation but V- is the divergence operator. Go look it up.
y g 8 p p
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Solution:
d
Ept(x) = —Vx - (pt(x)vie(x))
t

d
dtJ Pe(x [ x1)p1(x1)dx; = =V - | pe(x Vt x| x1)pe(xq IX)dxl)
X1

pelx [ x1)p1(x1) dx )
Pe(x) !

=V,

=—Vx- <Pt VtX|X)
( ve(x [ x1)pe(x | Xl)Pl(xl)dxl>

J <ipt(x|x1)>P1(X1)dx1—J <— x (Vt(X|X1)pt(X|X1))>p1(Xl)dxl

so these are equal.

By the fact in the problem, the expressions inside the parens on both sides are equal,

(g) Whew! The key takeaway here was that we showed letting the velocities be

X
vt(x):J 11 pt(x1|x)dx1
X1

would yield the right probability flow.

Use this insight to describe a stochastic gradient descent training procedure for learning

a neural-network approximation vg(x, t)t to v from dataset D = {x(1), ..., x(™)}.

Solution: Draw

X0 ~ po(x)
~ Unif(D)
t ~ Unif(0, 1)
xt = (1 —1)xp + txq

Take a gradient step
X1 — Xt )2

0=0-nVe(velxt,t) — 1t

(h) Finally, once we have trained vg(x¢,t), how do we sample from 5;?

Solution: Pick a number of iterations m
x ~ Normal(@, I)
for i in [0..m-1]:

t=1i/m
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X =
return x

X+ v(x, t) / m
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