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Abstract

injects maliciously selected examples in order to cause the
learned model to mis-classify target examples.
Our analysis focuses on the key distinguishing factor of
semi-supervised learning: we exclusively poison the unlabeled dataset. These attacks are especially powerful because
the natural defense that adds additional human review to the
unlabeled data eliminates the value of collecting unlabeled
data (as opposed to labeled data) in the first place.
We show that these these unlabeled attacks are feasible
by introducing an attack that directly exploits the underspecification problem inherent to semi-supervised learning.
State-of-the-art semi-supervised training works by first guessing labels for each unlabeled example, and then trains on
these guessed labels. Because models must supervise their
own training, we can inject a misleading sequence of examples into the unlabeled dataset that causes the model to fool
itself into labeling arbitrary test examples incorrectly.
We extensively evaluate our attack across multiple datasets
and learning algorithms. By manipulating just 0.1% of the
unlabeled examples, we can cause specific targeted examples
to become classified as any desired class. In contrast, cleanlabel fully supervised poisoning attacks that achieve the same
goal require poisoning 1% of the labeled dataset.
Then, we turn to an evaluation of defenses to unlabeled
dataset poisoning attacks. We find that existing poisoning
defenses are a poor match for the problem setup of unlabeled
dataset poisoning. To fill this defense gap, we propose two
defenses that partially mitigate our attacks by identifying and
then removing poisoned examples from the unlabeled dataset.
We make the following contributions:

Semi-supervised machine learning models learn from a
(small) set of labeled training examples, and a (large) set
of unlabeled training examples. State-of-the-art models can
reach within a few percentage points of fully-supervised training, while requiring 100× less labeled data.
We study a new class of vulnerabilities: poisoning attacks
that modify the unlabeled dataset. In order to be useful, unlabeled datasets are given strictly less review than labeled
datasets, and adversaries can therefore poison them easily. By
inserting maliciously-crafted unlabeled examples totaling just
0.1% of the dataset size, we can manipulate a model trained
on this poisoned dataset to misclassify arbitrary examples at
test time (as any desired label). Our attacks are highly effective across datasets and semi-supervised learning methods.
We find that more accurate methods (thus more likely to be
used) are significantly more vulnerable to poisoning attacks,
and as such better training methods are unlikely to prevent
this attack. To counter this we explore the space of defenses,
and propose two methods that mitigate our attack.
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Introduction

One of the main limiting factors to applying machine learning in practice is its reliance on large labeled datasets [32].
Semi-supervised learning addresses this by allowing a model
to be trained on a small set of (expensive-to-collect) labeled
examples, and a large set of (cheap-to-collect) unlabeled examples [33, 42, 72]. While semi-supervised machine learning
has historically been “completely unusable” [61], within the
past two years these techniques have improved to the point of
exceeding the accuracy of fully-supervised learning because
of their ability to leverage additional data [53, 66, 67].
Because “unlabeled data can often be obtained with minimal human labor” [53] and is often scraped from the Internet,
in this paper we perform an evaluation of the impact of training on unlabeled data collected from potential adversaries.
Specifically, we study poisoning attacks where an adversary

• We introduce the first semi-supervised poisoning attack,
that requires control of just 0.1% of the unlabeled data.
• We show that there is a direct relationship between model
accuracy and susceptibility to poisoning: more accurate
techniques are significantly easier to attack.
• We develop a defense to perfectly separate the poisoned
from clean examples by monitoring training dynamics.
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Background & Related Work

2.1

2.2

When it’s the labeling process—and not the data collection
process—that’s expensive, then Semi-Supervised Learning2
can help alleviate the dependence of machine learning on
labeled data. Semi-supervised learning changes the problem
setup by introducing a new unlabeled dataset containing examples u ∈ U . The training process then becomes a new
algorithm fθ ← Ts ( f , X , U ). The unlabeled dataset typically
consists of data drawn from a similar distribution as the labeled data.While semi-supervised learning has a long history [33, 38, 42, 50, 72], recent techniques have made significant progress.
Throughout this paper we study the problem of image classification, the primary domain where strong semi-supervised
learning methods exist [42]. 3

(Supervised) Machine Learning

Let fθ be a machine learning classifier (e.g., a deep neural
network [32]) parameterized by its weights θ. While the architecture of the classifier is human-specified, the weights θ
must first be trained in order to solve the desired task.
Most classifiers are trained through the process of Empirical Risk Minimization (ERM) [62]. Because we can not
minimize the true risk (how well the classifier performs on
the final task), we construct a labeled training set X to estimate the risk. Each example in this dataset has an assigned
label attached to it, thus, let (x, y) ∈ X denote an input x with
the assigned label y. We write c(x) = y to mean the true label
of x is y. Supervised learning minimizes the aggregated loss

L (X ) =

∑

L( fθ (x), y)

Recent Techniques All state-of-the-art techniques from the
past two years rely on the same setup [53]: they turn the semisupervised machine learning problem (which is not well understood) into a fully-supervised problem (which is very well
understood). To do this, these methods compute a “guessed
label” ŷ = f (u; θi ) for each unlabeled example u ∈ U , and
then treat the tuple (u, ŷ) as if it were a labeled sample [33],
thus constructing a new dataset U 0 . The problem is now fullysupervised, and we can perform training as if by computing
T ( f , X ∪ U 0 ). Because θi is the model’s current parameters,
note that we are using the model’s current predictions to
supervise its training for the next weights.
We evaluate the three current leading techniques: MixMatch [3], UDA [66], and FixMatch [53]. While they differ
in their details on how they generate the guessed label, and
in the strategy they use to further regularize the model, all
methods generate guessed labels as described above. These
differences are not fundamental to the results of our paper,
and we defer details to Appendix A.

(x,y)∈X

where we define the per-example loss L as the task requires.
We denote training by the function fθ ← T ( f , X ).
This loss function is non-convex; therefore, identifying the
parameters θ that reach the global minimum is in general
not possible. However, the success of deep learning can be
attributed to the fact that while the global minimum is difficult
to obtain, we can reach high-quality local minima through
performing stochastic gradient descent [24].
Generalization. The core problem in supervised machine
learning is ensuring that the learned classifier generalizes to
unseen data [62]. A 1-nearest neighbor classifier achieves
perfect accuracy on the training data, but likely will not generalize well to test data, another labeled dataset that is used
to evaluate the accuracy of the classifier. Because most neural networks are heavily over-parameterzed1 , a large area of
research develops methods that to reduce the degree to which
classifiers overfit to the training data [24, 55].
Among all known approaches, the best strategy today to
increase generalization is simply training on larger training
datasets [58]. Unfortunately, these large datasets are expensive
to collect. For example, it is estimated that ImageNet [48] cost
several million dollars to collect [47].
To help reduce the dependence on labeled data, augmentation methods artificially increase the size of a dataset by
slightly perturbing input examples. For example, the simplest
form of augmentation will with probability 0.5 flip the image along the vertical axis (left-to-right), and then shift the
image vertically or horizontally by a small amount. State of
the art augmentation methods [13, 14, 65] can help increase
generalization slightly, but regardless of the augmentation
strategy, extra data is strictly more valuable to the extent it is
possible [58].

Alternate Techniques Older semi-supervised learning
techniques are significantly less effective. While FixMatch
reaches 5% error on CIFAR-10, none of these methods perform better than a 45% error rate—nine times less accurate.
Nevertheless, for completeness we consider older methods as well: we include evaluations of Virtual Adversarial
Training [39], PiModel [31], Mean Teacher [59], and Pseudo
Labels [33]. These older techniques often use a more ad hoc
approach to learning, which were later unified into a single
solution. For example, VAT [39] is built around the idea of
consistency regularization: a model’s predictions should not
change on perturbed versions of an input. In contrast, Mean
Teacher [59] takes a different approach of entropy minimization: it uses prior models fθi to train a later model fθ j (for
i < j) and find this additional regularization is helpful.
2 We

1 Models

Semi-Supervised Learning

refrain from using the typical abbreviation, SSL, in a security paper.
work has explored alternate domains [44, 54, 66].

3 Recent

have enough parameters to memorize the training data [69].
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2.3

Poisoning Attacks

2.4

Threat Model

We consider a victim who trains a machine learning model on
a dataset with limited labeled examples (e.g., images, audio,
malware, etc). To obtain more unlabeled examples, the victim
scrapes (a portion of) the public Internet for more examples
of the desired type. For example, a state-of-the-art Image
classifier [37] was trained by scraping 1 billion images off of
Instagram. As a result, an adversary who can upload data to
the Internet can control a portion of the unlabeled dataset.
Formally, the unlabeled dataset poisoning adversary A constructs a set of poisoned examples

While we are the first to study poisoning attacks on unlabeled
data in semi-supervised learning, there is an extensive line of
work performing data poisoning attacks in a variety of fullysupervised machine learning classifiers [2, 22, 23, 28, 40, 60]
as well as un-supervised clustering attacks [6, 7, 26, 27].
Poisoning labeled datasets. In a poisoning attack, an adversary either modifies existing examples or inserts new examples into the training dataset in order to cause some potential
harm. There are two typical attack objectives: indiscriminate
and targeted poisoning.
In an indiscriminate poisoning attack [5, 40], the adversary
poisons the classifier to reduce its accuracy. For example,
Nelson et al. [40] modify 1% of the training dataset to reduce
the accuracy of a spam classifier to chance.
Targeted poisoning attacks [10, 28, 40], in comparison, aim
to cause the specific (mis-)prediction of a particular example.
For deep learning models that are able to memorize the training dataset, simply mislabeling an example will cause a model
to learn that incorrect label—however such attacks are easy
to detect. As a result, clean label [51] poisoning attacks inject
only images that are correctly labeled to the training dataset.
For instance, one state-of-the-art attack [71] modifies 1% of
the training dataset in order to misclassify a CIFAR-10 [29]
test image. Recent work [35] has studied attacks that poison
the labeled dataset of a semi-supervised learning algorithm
to cause various effects. This setting is simpler than ours, as
an adversary can control the labeling process.
Between targeted and indiscriminate attacks lies backdoor
attack [18, 36, 60]. Here, an adversary poisons a dataset so
the model will mislabel any image with a particular pattern
applied, but leaves all other images unchanged. We do not
consider backdoor attacks in this paper.

U p ← A (x∗ , y∗ , N, f , Ts , X 0 ).
The adversary receives the input x∗ to be poisoned, the desired
incorrect target label y∗ 6= c(x∗ ), the number of examples N
that can be injected, the type of neural network f , the training
algorithm Ts , and a subset of the labeled examples X 0 ⊂ X .
The adversary’s goal is to poison the victim’s model so
that the model fθ ← Ts (X , U ∪ U p ) will classify the selected
example as the desired target, i.e., fθ (x∗ ) = y∗ . We require
|U p | < 0.01 · |U |. This value poisoning 1% of the data has
been consistently used in data poisoning for over ten years
[5, 40, 51, 71]. (Interestingly, we find that in many settings we
can succeed with just a 0.1% poisoning ratio.)
To perform our experiments, we randomly select x∗ from
among the examples in the test set, and then sample a label
y∗ randomly among those that are different than the true label
c(x∗ ). (Our attack will work for any desired example, not just
an example in the test set.)

3

Poisoning the Unlabeled Dataset

We now introduce our semi-supervised poisoning attack,
which directly exploits the self-supervised [38, 50] nature
of semi-supervised learning that is fundamental to all stateof-the-art techniques. Many machine learning vulnerabilities
are attributed to the fact that, instead of specifying how a task
should be completed (e.g., look for three intersecting line segments), machine learning specifies what should be done (e.g.,
here are several examples of triangles)—and then we hope
that the model solves the problem in a reasonable manner.
However, machine learning models often “cheat”, solving the
task through unintended means [16, 21].
Our attacks show this under-specification problem is exacerbated with semi-supervised learning: now, on top of not
specifying how a task should be solved, we do not even completely specify what should be done. When we provide the
model with unlabeled examples (e.g., here are a bunch of
shapes), we allow it to teach itself from this unlabeled data—
and hope it teaches itself to solve the correct problem.
Because our attacks target the underlying principle behind
semi-supervised machine learning, they are general across
techniques and are not specific to any one particular algorithm.

Poisoning unsupervised clustering In unsupervised clustering, there are no labels, and the classifier’s objective is to
group together similar classes without supervision. Prior work
has shown it is possible to poison clustering algorithms by
injecting unlabeled data to indiscriminately reduce model accuracy [6, 7]. This work constructs bridge examples that connect independent clusters of examples. By inserting a bridge
connecting two existing clusters, the clustering algorithm will
group together both (original) clusters into one new cluster.
We show that a similar technique can be adapted to targeted
misclassification attacks for semi-supervised learning.
Whereas this clustering-based work is able to analytically
construct near-optimal attacks [26, 27] for semi-supervised
algorithms, analyzing the dynamics of stochastic gradient
descent is far more complicated. Thus, instead of being able
to derive an optimal strategy, we must perform extensive
experiments to understand how to form these bridges and
understand when they will successfully poison the classifier.
3

(a) A classifier trained on a semisupervised dataset of red s, blue ×s,
and unlabeled ⊗s. During training the
unlabeled ⊗s are given pseudo-labels
such that the correct original decision
boundary is learned.

(b) When inserting just one new unlabeled poisoned example near the boundary, the model gives it the correct pseudo
label of the blue ×s. The poisoning attempt fails, and the decision boundary
remains largely unchanged.

(c) By inserting a path of unlabeled examples, the classifier assigns every example in the path the pseudo-label of
the nearby red s. This moves the decision boundary to enclose the path, which
makes these examples misclassified.

Figure 1: Decision boundary plot for semi-supervised learning during (a) normal training, (b) failed poisoning, and (c) our attack.

3.1

Interpolation Consistency Poisoning

to any point nearby these examples. There are two reasons
that this happens: First, it turns out that neural networks are
Lipschitz-continuous with a low constant (on average). Thus,
if f (x) = y then “usually” we will have small ε perturbations f (x + ε) = y + δ for some small kδk. 5 Second, because
models apply data augmentation, they are already trained on
perturbed inputs x + ε generated by adding noise to x; this
reinforces the low average-case Lipschitz constant.
As a result, any nearby unlabeled examples (that is, examples where kxu − xk is small) will now also begin to be
classified correctly with high confidence. After the confidence
assigned to these nearby unlabeled examples becomes sufficiently large, the training algorithms begins to treat these as
if they were labeled examples, too. Depending on the training
technique, the exact method by which the example become
“labeled” changes. UDA [66], for example, explicitly sets a
confidence threshold at 0.95 after which an unlabeled example is treated as if it were labeled. MixMatch [3], in contrast,
performs a more complicated “label-sharpening” procedure
that has a similar effect—although the method is different.
The model then begins to train on this unlabeled example, and
the process begins to repeat itself.
When we poison the unlabeled dataset, this process happens in a much more controlled manner. Because there is now
a path between the source example x0 and the target example x∗ , and because that path begins at a labeled point, the
model will assign the first unlabeled example xα0 = x0 the
label y∗ —its true and correct label. As in the begnign setting,
the model will progressively assign higher confidence for

Approach. Our attack, Interpolation Consistency Poisoning, exploits the above intuition. Given the target image x∗ ,
we begin by inserting it into the (unlabeled) portion of the
training data. However, because we are unable to directly
attach a label to this example, we will cause the model itself
to mislabel this example. Following typical assumptions that
the adversary has (at least partial) knowledge of the training
data [51, 71]4 , we select any example in the labeled dataset x0
that is correctly classified as the desired target label y∗ , i.e.,
c(x0 ) = y∗ . Then, we insert N points
0 ∗
{xαi }N−1
i=0 = interp(x , x , αi )

where the interp function is smooth along αi ∈ [0, 1] and
interp(x0 , x∗ , 0) = x0

interp(x0 , x∗ , 1) = x∗ .

This essentially connects the sample x0 to the sample x∗ , similar to the “bridge” examples from unsupervised clustering
attacks [7]. Figure 1 illustrates the intuition behind this attack.
This attack relies on the reason that semi-supervised machine learning is able to be so effective [3, 53]. Initially, only
a small number of examples are labeled. During the first few
epochs of training, the model begins to classify these labeled
examples correctly: all semi-supervised training techniques
include a standard fully-supervised training loss on the labeled examples [42].
As the confidence on the labeled examples grows, the
neural network will also begin to assign the correct label

5 Note that this is true despite the existence of adversarial examples [4,
57], which show that the worst-case perturbations can change classification
significantly. Indeed, the fact that adversarial examples were considered
“surprising” is exactly due to this intuition.

4 This

is not a completely unrealistic assumption. An adversary might obtain this knowledge through a traditional information disclosure vulnerability,
a membership inference attack [52], or a training data extraction attack [9].
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3.2

this label on this example. Then, the semi-supervised learning algorithms will encourage nearby samples (in particular,
xα1 ) to be assigned the same label y∗ as the label given to
this first point xα0 . This process then repeats. The model assigns higher and higher likelihood to the example xα1 to be
classified as y∗ , which then encourages xα2 to become classified as y∗ as well. Eventually all injected examples {xαi }
will be labeled the same way, as y∗ . This implies that finally,
f (xα0 ) = f (xN−1 ) = f (x∗ ) = y∗ will be as well, completing
the poisoning attack.

We extensively validate the efficacy of our proposed attacks on
three datasets and seven semi-supervised learning algorithms.
3.2.1

∗

0

• CIFAR-10 [29] is the most studied semi-supervised
learning dataset, with 50, 000 images from 10 classes.
• SVHN [41] is a larger dataset of 604, 388 images of
house numbers, allowing us to evaluate the efficacy of
our attack on datasets with more examples.
• STL-10 [12] is a dataset designed for semi-supervised
learning. It contains just 1, 000 labeled images (at a
higher-resolution, 96 × 96), with an additional 100, 000
unlabeled images drawn from a similar (but not identical)
distribution, making it our most realistic dataset.

∗

interp(x , x , α) = x · (1 − α) + x · α.
This satisfies the constraints defined earlier: it is smooth, and
the boundary conditions hold. In Section 4.2 we will construct
far more sophisticated interpolation strategies (e.g., using a
GAN [17] to generate semantically meaningful interpolations); for the remainder of this section we demonstrate the
utility of a simpler strategy.

Because CIFAR-10 and SVHN were initially designed for
fully-supervised training, semi-supervised learning research
uses these dataset by discarding the labels of all but a small
number of examples—typically just 40 or 250.

Density of poisoned samples. The final detail left to specify is how we choose the values of αi . The boundary conditions α0 = 0 and αN−1 = 1 are fixed, but how should we
interpolate between these two extremes? The simplest strategy would be to sample completely linearly within the range
[0, 1], and set αi = i/N. This choice, though, is completely
arbitrary; we now define what it would look like to provide
different interpolation methods that might allow for an attack
to succeed more often.
Each method we consider works by first choosing a density
functions ρ(x) that determines the sampling rate. Given a
density function, we first normalize it
ρ̂(x) = ρ(x) ·

Z

Semi-Supervised Learning Methods We perform most
experiments on the three most accurate techniques: MixMatch [3], UDA [66], and FixMatch [53], with additional
experiments on VAT [39], Mean Teacher [59], Pseudo Labels [33], and Pi Model [31]. The first three methods listed
above are 3 − 10× more accurate compared to the next four
methods. As a result we believe these will be most useful in
the future, and so focus on them.
We train all models with the same 1.4 million parameter
ResNet-28 [19] model that reaches 96.38% fully-supervised
accuracy. This model has become the standard benchmark
model for semi-supervised learning [42] due to its relative
simplicity and small size while also reaching near state-of-theart results [53]. In all experiments we confirm that poisoning
the unlabeled dataset maintains standard accuracy.

−1

1

ρ(x) dx
0

and then sample from it so that we sample α according to

Experiment Setup Details. In each section below we answer several research questions; for each experimental trial
we perform 8 attack attempts and report the success rate. In
each of these 8 cases, we choose a new random source image
and target image uniformly at random. Within each figure or
table we re-use the same randomly selected images to reduce
the statistical noise of inter-table comparisons.
While it would clearly be preferable to run each experiment
with more than 8 trials, semi-superivsed machine learning
algorithms are extremely slow to train: one run of FixMatch
takes 20-GPU hours on CIFAR-10, and over five days on STL10. Thus, with eight trials per experiment, our evaluations
represent hundreds of GPU-days of compute time.

Z q

Pr[p < α < q] =

Experimental Setup

Datsets We evaluate our attack on three datasets typically
used in semi-supervised learning:

Interpolation Strategy. It remains for us to instantiate the
function interp. To begin we use the simplest strategy: linear
pixel-wise blending between the original example x0 and the
target example x∗ . That is, we define
0

Evaluation

ρ̂(x) dx.
p

For example, the function ρ(x) = 1 corresponds to a uniform sampling of α in the range [0, 1]. If we instead sample
according to ρ(x) = x then α will be more heavily sampled
near 1 and less sampled near 0, causing more insertions near
the target example example and fewer insertions near the original example. Unless otherwise specified, in this paper we use
the sampling function ρ(x) = 1.5 − x. This is the function that
we found to be most effective in an experiment across eleven
candidate density functions—see Section 3.2.7 for details.
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Figure 3: Poisoning attack success rate for all 40 × 40 sourcetarget pairs; six (uniformly spaced) example images are shown
on each axis. Each cell represents a single run of FixMatch
poisoning that source-target pair, and its color indicates if the
attack succeeded (yellow) or failed (purple). The rows and
columns are sorted by average attack success rate.

Preliminary Evaluation
label. Some desired label such as “bird” or “cat” succeed in
85% of cases, compared to the most difficult label of “horse”
that succeeds in 25% of cases.
Perhaps more interesting than the aggregate statistics is
considering the success rate on an image-by-image basis (see
Figure 3). Some images (e.g., in the first column) can rarely
be successfully poisoned to reach the desired label, while
other images (e.g., in the last column) are easily poisoned.
Similarly, some source images (e.g., the last row) can poison
almost any image, but other images (e.g., the top row) are poor
sources. Despite several attempts, we have no explanation for
why some images are easier or harder to attack.

We begin by demonstrating the efficacy of our attack one
one model (FixMatch) on one dataset (CIFAR-10) for one
poison ratio (0.1%). Further sections will perform additional
experiments that expand on each of these dimensions. When
we run our attack eight different times with eight different
image-label pairs, we find that it succeeds in seven of these
cases. However, as mentioend above, only performing eight
trials is limiting—maybe some images are easier or harder
to successfully poison, or maybe some images are better or
worse source images to use for the attack.
3.2.3

0.4

0.0

Figure 2: Poisoning attack success rate averaged across the
ten CIFAR-10 classes. Each cell is the average of 16 trials.
The original label of the (to-be-poisoned) image does not
make attacks (much) easier or harder, but some target labels
(e.g., horse) are harder to reach than others (e.g., bird).

3.2.2

0.6

Evaluation across source- and target-image
3.2.4

In order to ensure our attack remains consistently effective, we
we now train an additional 40 × 40 models. For each model,
we construct a different poison set by selecting 40 source
(respectively, target) images from the training (testing) sets,
with 4 images from each of the 10 classes.
We record each trial as a success if the target example ends
up classified as the desired label—or failure if not. To reduce
training time, we remove half of the unlabeled examples (and
maintain a 0.1% poison ratio of the now-reduced-size dataset)
and train for a quarter the number of epochs. Because we have
reduced the total training, our attack success rate is reduced
to 51% (future experiments will confirm the baseline >80%
attack success rate found above).
Figure 2 gives the attack success rate broken down by the
target image’s true (original) label, and the desired poison

Evaluation across training techniques

The above attack shows that it is possible to poison FixMatch
on CIFAR-10 by poisoning 0.1% of the training dataset. We
now broaden our argument by evaluating the attack success
rate across seven different different training techniques–but
again for just CIFAR-10. As stated earlier, in all cases the
poisoned models retain their original test accuracy compared
to the benignly trained baseline on an unpoisoned dataset.
Figure 4 plots the main result of this experiment, which
compares the accuracy of the final trained model to the poisoning attack success rate. The three most recent methods
are all similarly vulnerable, with our attacks succeeding over
80% of the time. When we train the four older techniques to
the highest test accuracy they can reach—roughly 60%—our
poisoning attacks rarely succeed.
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Dataset
(% poisoned)
MixMatch
UDA
FixMatch

0.1%
5/8
5/8
7/8

CIFAR-10
0.2% 0.5%
6/8
7/8
8/8

0.1%

8/8
8/8
8/8

4/8
5/8
7/8

SVHN
0.2% 0.5%
5/8
5/8
7/8

0.1%

5/8
6/8
8/8

STL-10
0.2% 0.5%

4/8
6/8

6/8
8/8

7/8
8/8

Attack Success Rate (CIFAR-10)

Table 1: Success rate of our poisoning attack across datasets and algorithms, when poisoning between 0.1% and 0.5% of
the unlabeled dataset. CIFAR-10 and SVHN use 40 labeled examples, and STL-10 all 1000. Our attack has a 67% success rate
when poisoning 0.1% of the unlabeled dataset, and 91% at 0.5% of the unlabeled dataset (averaged across experiments).

1.0
0.8
0.6
0.4

FixMatch
UDA
MixMatch
VAT
MeanTeacher
PseudoLabel
PiModel

40

MixMatch
UDA
FixMatch

5/8
5/8
7/8

CIFAR-10
250 4000
4/8
5/8
7/8

1/8
2/8
7/8

40
6/8
5/8
7/8

SVHN
250 4000
4/8
4/8
6/8

5/8
4/8
7/8

Table 2: Success rate of our attack when poisoning 0.1% of
the unlabeled dataset when varying the number of labeled
examples in the dataset. Models provided with more labels
are often (but not always) more robust to attack.

0.2
0.0
0.0

Dataset
(# labels)

0.2
0.4
0.6
0.8
1.0
Mean (CIFAR-10) Model Accuracy

3.2.5

Evaluation across datasets

The above evaluation considers only one dataset at one poisoning ratio; we now show that this attack is general across
three datasets and three poisoning ratios.
Table 1 reports results for FixMatch, UDA, and MixMatch,
as these are the methods that achieve high accuracy. (We omit
UDA on STL-10 because it was not shown effective on this
dataset in [66].) Across all datasets, poisoning 0.1% of the
unlabeled data is sufficient to successfully poison the model
with probability at least 50%. Increasing the poisoning ratio
brings the attack success rate to near-100%.
As before, we find that the techniques that perform better
are consistently more vulnerable across all experiment setups.
For example, consider the poisoning success rate on SVHN.
Here again, FixMatch is more vulnerable to poisoning, with
the attack succeeding in aggregate for 20/24 cases compared
to 15/24 for MixMatch.

Figure 4: More accurate techniques are more vulnerable.
Success rate of poisoning CIFAR-10 with 250 labeled examples and 0.2% poisoning rate. Each point averages ten trained
models. FixMatch, UDA, and MixMatch were trained under
two evaluation settings, one standard (to obtain high accuracy)
and one small-model to artificially reduce model accuracy.

This leaves us with the question: why does our attack work
less well on these older methods? Because it is not possible to artificially increase the accuracy of worse-performing
techniques, we artificially decrease the accuracy of the stateof-the-art techniques. To do this, we train FixMatch, UDA,
and MixMatch for fewer total steps of training using a slightly
smaller model in order to reduce their final accuracy to between 70 − 80%. This allows us correlate the techniques accuracy with its susceptibility to poisoning.

3.2.6

We find a clear relationship between the poisoning success rate and the technique’s accuracy. We hypothesize this
is caused by the better techniques extracting more “meaning” from the unlabeled data. (It is possible that, because we
primarily experimented with recent techniques, we have implicitly designed our attack to work better on these techniques.
We believe the simplicity of our attack makes this unlikely.)
This has strong implications for the future. It suggests that
developing better training techniques is unlikely to prevent
poisoning attacks—and will instead make the problem worse.

Evaluation across number of labeled examples

Semi-supervised learning algorithms can be trained with varying numbers of labeled examples. When more labels are provided, models typically perform more accurately. We now
investigate to what extent introducing more labeled examples
impacts the efficacy of our poisoning attack. Table 2 summarizes the results. Notice that our prior observation comparing
technique accuracy to vulnerability does not imply more accurate models are more vulnerable—with more training data,
models are able to learn with less guesswork and so become
less vulnerable.
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Confidence in poisoned label

Density Function

α = 0.0

CIFAR-10 % Poisoned
0.1% 0.2%
0.5%

Table 3: Success rate of poisoning a semi-supervised machine
learning model using different density functions to interpolate
between the labeled example x0 (when α = 0) and the target
example x∗ (when α = 1). Higher values near 0 indicate a
more dense sampling near x0 and higher values near 1 indicate
a more dense sampling near x∗ . Experiments conducted with
FixMatch on CIFAR-10 using 40 labeled examples.

3.2.7

α = 1.0

1.0
0.8

= 0.00
= 0.25
= 0.50
= 0.75
= 1.00

0.6
0.4
0.2
0.0

0

20
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Figure 5: Label propagation of a poisoning attack over training epochs. The classifier begins by classifying the correctlylabeled source example x0 (when α = 0; image shown in the
upper left) as the poisoned label. This propagates to the interpolation α > 0 one by one, and eventually on to the final
example x∗ (when α = 1; image shown in the upper right).

3.3

Evaluation across density functions

Why does this attack work?

Earlier in this section, and in Figure 1, we provided visual
intuition why we believed our attack should succeed. If our
intuition is correct, we should expect two properties:

All of the prior (and future) experiments in this paper use
the same density function ρ(·). In this section we evaluate
different choices to understand how the choice of function
impacts the attack success rate.

1. As training progresses, the confidence of the model on
each poisoned example should increase over time.

Table 3 presents these results. We evaluate each sampling
method across three different poisoning ratios. As a general
rule, the best sampling strategies sample slightly more heavily
from the source example, and less heavily from the target that
will be poisoned. The methods that perform worst do not
sample sufficiently densely near either the source or target
example, or do not sample sufficiently near the middle.

2. The example α0 = 0 should become classified as the
target label first, followed by α1 , then α2 , on to αN = 1.
We validate this intuition by saving all intermediate model
predictions after every epoch of training. This gives us a collection of model predictions for each epoch, for each poisoned
example in the unlabeled dataset.
In Figure 5, we visualize the predictions across a single FixMatch training run.6 Initially, the model assigns all poisoned
examples 10% probability (because this is a ten-class classification problem). After just ten epochs, the model begins
to classify the example α = 0 correctly. This makes sense:
α = 0 is an example in the labeled dataset and so it should
be learned quickly. As α = 0 begins to be learned correctly,
this prediction propagates to the samples α > 0. In particular,
the example α = .25 (as shown) begins to become labeled as
the desired target. This process continues until the poisoned
example x∗ (where α = 1) begins to become classified as the
poisoned class label at epoch 80. By the end of training, all
poisoned examples are classified as the desired target label.

For example, when we run our attack with the function
ρ(x) = (1 − x)2 , then we sample frequently around the source
image x0 , but infrequently around the target example x∗ . As
a result, this density function fails at poisoning x∗ almost
always, because the density near x∗ is not high enough for
the model’s consistency regularization to take hold. We find
that the label successfully propagates almost all the way to
the final instance (to approximately α = .9) but the attack
fails to change the classification of the final target example.
Conversely, for a function like ρ(x) = x, the label propagation
usually fails near α = 0, but whenever it succeed at getting
past α > .25 then it always succeeds at reaching α = 1.
Experimentally the best density function we identified
was ρ(x) = 1.5 − x, which samples three times more heavily
around the source example x0 than around the target x∗ .

6 Shown

above are the poisoned samples. While blended images may look
out-of-distribution, Section 4.2 develops techniques to alleviate this.
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4

Extending the Poisoning Attack

Dataset
(% poisoned)

Interpolation Consistency Poisoning is effective at poisoning
semi-supervised machine learning models under this baseline
setup, but there are many opportunities for extending this
attack. Below we focus on three extensions that allow us to

MixMatch
UDA
FixMatch

1. attack without knowledge of any training datapoints,

2/8
2/8
3/8

SVHN
0.5% 1.0%

4/8
3/8
4/8

3/8
4/8
3/8

4/8
4/8
5/8

Figure 6: Success rate of our attack at poisoning the unlabeled
dataset without knowledge of any training examples. As in
Table 1, experiments are across three algorithms, but here
across two datasets.

2. attack with a more general interpolation strategy, and
3. attack transfer learning and fine-tuning.

4.1

CIFAR-10
0.5% 1.0%

Zero-Knowledge Attack

4.2

Our first attack requires the adversary knows at least one
example in the labeled dataset. While there are settings where
this is realistic [52], in general an adversary might have no
knowledge of the labeled training dataset. We now develop
an attack that removes this assumption.
As an initial experiment, we investigate what would happen
if we blindly connected the target point x∗ with an arbitrary
example x0 (not already contained within the labeled training
dataset). To do this we mount exactly our earlier attack without modification, interpolating between an arbitrary unlabeled
example x0 (that should belong to class y∗ , despite this label
not being attached), and the target example x∗ .
As we should expect, across all trials, when we connect
different source and target examples the trained model consistently labels both x0 and x∗ as the same final label. Unexpectedly, we found that while the final label the model assigned
was rarely y∗ = c(x0 ) (our attack objective label), and instead
most often the final label was a label neither y∗ nor c(x∗ ).
Why should connecting an example with label c(x0 ) and
another example with label c(x∗ ) result in a classifier that assigns neither of these two labels? We found that the reason this
happens is that, by chance, some intermediate image xα will
exceed the confidence threshold. Once this happens, both xα1
and xαN−1 become classified as however xα was classified—
which often is not the label as either endpoint.
In order to better regularize the attack process we provide
additional support. To do this, we choose additional images
{x̂i } and then connect each of these examples to x0 with a
path, blending as we do with the target example.
These additional interpolations make it more likely for x0 to
be labeled correctly as y∗ , and when this happens, then more
likely that the attack will succeed.

Generalized Interpolation

When performing linear blending between the source and
target example, human visual inspection of the poisoned examples could identify them as out-of-distribution. While it
may be prohibitively expensive for a human to label all of the
examples in the unlabeled dataset, it may not be expensive
to discard examples that are clearly incorrect. For example,
while it may take a medical professional to determine whether
a medical scan shows signs of some disease, any human could
reject images that were obviously not medical scans.
Fortunately there is more than one way to interpolate between the source example x0 and the target example x∗ . Earlier
we used a linear pixel-space interpolation. In principle, any
interpolation strategy should remain effective—we now consider an alternate interpolation strategy as an example.
Making our poisoning attack inject samples that are not
overly suspicious therefore requires a more sophisticated interpolation strategy. Generative Adversarial Networks (GANs)
[17] are neural networks designed to generate synthetic images. For brevity we omit details about training GANs as our
results are independent of the method used. The generator of
a GAN is a function g : Rn → X , taking a latent vector z ∈ Rn
and returning an image. GANs are widely used because of
their ability to generate photo-realistic images.
One property of GANs is their ability to perform semantic
interpolation. Given two latent vectors z1 and z2 (for example,
latent vectors corresponding to a picture of person facing left
and a person facing right), linearly interpolating between z1
and z2 will semantically interpolate between the two images
(in this case, by rotating the face from left to right).
For our attack, this means that it is possible to take our two
images x0 and x∗ , compute the corresponding latent vectors
z0 and z∗ so that G(z0 ) = x0 and G(z∗ ) = x∗ , and then linearly
interpolate to obtain xi = G((1 − αi )z0 + αi z∗ ). There is one
small detail: in practice it is not always possible to obtain
a latent vector z0 so that exactly G(z0 ) = x0 holds. Instead,
the best we can hope for is that kG(z0 ) − x0 k is small. Thus,
we perform the attack as above interpolating between G(z0 )
and G(z∗ ) and then finally perform the small interpolation
between x0 and G(z0 ), and similarly x∗ and G(z∗ ).

Evaluation Table 6 reports the results of this poisoning
attack. Our attack success rate is lower, with roughly half
of attacks succeeding at 1% of training data poisoned. All
of these attacks succeed at making the target example x∗
becoming mislabeled (i.e., f (x∗ ) 6= c(x∗ )) even though it is
not necessary labeled as the desired target label.
9
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Evaluation. We use a DC-GAN [46] pre-trained on CIFAR10 to perform the interpolations. We again perform the same
attack as above, where we poison 1% of the unlabeled examples by interpolating in between the latent spaces of z0 and z∗ .
Our attack succeeds in 9 out of 10 trials. This slightly reduced
attack success rate is a function of the fact that while the two
images are similarly far apart, the path taken is less direct.

4.3

We attempted five different extensions of our attack that did
not work. Because we believe these may be illuminating, we
now present each of these in turn.
Analytically computing the optimal density function In
Table 3 we studied eleven different density functions. Initially,
we attempted to analytically compute the optimal density
function, however this did not end up succeeding. Our first
attempt repeatedly trained classifiers and performed binary
search to determine where along the bridge to insert new
poisoned examples. We also started with a dense interpolation
of 500 examples, and removed examples while the attack
succeeded. Finally, we also directly computed the maximum
distance ε so that training on example u would cause the
confidence of u + δ (for kδk2 = ε) to increase.
Unfortunately, each of these attempts failed for the same
reason: the presence or absence of one particular example is
not independent of the other examples. Therefore, it is difficult
to accurately measure the true influence of any particular
example, and greedy searches typically got stuck in local
minima that required more insertions than just a constant
insertion density with fewer starting examples.

Attacking Transfer Learning

Often models are not trained from scratch but instead initialized from the weights of a different model, and then fine
tuned on additional data [43]. This is done either to speed up
training via “warm-starting”, or when limited data is available
(e.g., using ImageNet weights for cancer detection [15]).
Fine-tuning is known to make attacks easier. For example,
if it is public that a model has been fine-tuned from a particular
ImageNet model, it becomes easier to generate adversarial
examples on the fine-tuned model [63]. Similarly, adversaries
might attempt to poison or backdoor a high-quality source
model, so that when a victim uses it for transfer learning their
model becomes compromised as well [68].
Consistent with prior work we find that it is easier to poison
models that are initialized from a pretrained model [51]. The
intuition here is simple. The first step of our standard attacks
waits for the model to assign x0 the (correct) label y∗ before it
can propagate to the target label f (x∗ ) = y∗ . If we know the
initial model weights θinit , then we can directly compute
x0 =

arg min

Negative Results

Multiple intersection points Our attack chooses one
source x0 and connects a path of unlabeled examples from that
source x0 to the target x∗ . However, suppose instead that we
selected multiple samples {xi0 }ni=1 and then constructed paths
from each xi0 to x∗ . This might make it appear more likely to
succeed: following the same intuition behind our “additional
support” attack, if one of the paths breaks, one of the other
paths might still succeed.
However, for the same insertion budget, experimentally we
find it is always better to use the entire budget on one single
path from x0 to x∗ than to spread it out among multiple paths.

kδk.

δ : fθinit (x∗ +δ)=y∗

That is, we search for an example x0 that is nearby the desired
target x∗ so that the initial model fθinit already assigns example
x0 the label y∗ . Because this initial model assigns x0 the label
y∗ , then the label will propagate to x∗ —but because the two
examples are closer, the propagation happens more quickly.

Adding noise to the poisoned examples When interpolating between x0 and x∗ we experimented with adding pointwise Gaussian or uniform noise to xα . Because images are
discretized into {0, 1, . . . , 255}hwc , it is possible that two sufficiently close α, α0 will have discretize(xα ) = discretize(xα0 )
even though xα 6= xα0 . By adding a small amount of noise,
this property is no longer true, and therefore the model will
not see the same unlabeled example twice.
However, doing this did not improve the efficacy of the attack for small values of σ, and made it worse for larger values
of σ. Inserting the same example into the unlabeled dataset
two times was more effective than just one time, because the
model trains on that example twice as often.

Evaluation We find that this attack is even more effective
than our baseline attack. We initialize our model with a semisupervised learning model trained on the first 50% of the
unlabeled dataset to convergence. Then, we provide this initial model weights θinit to the adversary. The adversary solves
the minimization formulation above using standard gradient
descent, and then interpolates between that x0 and the same
randomly selected x∗ . Finally, the adversary inserts poisoned
examples into the second 50% of the unlabeled dataset, modifying just 0.1% of the unlabeled dataset.
We resume training on this additional clean data (along
with the poisoned examples). We find that, very quickly, the
target example becomes successfully poisoned. This matches
our expectation: because the distance between the two examples is very small, the model’s decision boundary does not
have to change by much in order to cause the target example
to become misclassified. In 8 of 10 trials, this attack succeeds.

Increasing attack success rate. Occasionally, our attack
gets “stuck”, and x0 becomes classified as y∗ but x∗ does not.
When this happens, the poisoned label only propagates part
10
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of the way through the bridge of poisoned examples. That is,
for some threshold t, we have that xi<t = y∗ but for xi>t 6= y∗ .
Even if t = 0.9, and the propagation has made it almost all
the way to the final label, past a certain time in training the
model’s label assignments become fixed and the predicted
labels no longer change. It would be interesting to better
understand why these failures occur.

We now consider two defenses tailored specifically to prevent
our attacks. While it is undesirable to pay a human to manually inspect the entire unlabeled dataset (if this was acceptable
then the entire dataset might as well be labeled), this does not
preclude any human review. Our methods directly process the
unlabeled dataset and filter out a small subset of the examples
to have reviewed by a human for general correctness (e.g.,
“does this resemble anything like a dog?” compared to “which
of these 100+ breeds of dog is this?”).

Joint labeled and unlabeled poisoning. Could our attack
improve if we gave the adversary the power to inject a single, correctly labeled, poisoned example (as in a clean-label
poisoning attack)? We attempted various strategies to do this,
ranging from inserting out-of-distribution data [48] to mounting a Poison Frog attack [51]. However, none of these ideas
worked better than just choosing a good source example as
determined in Figure 3. Unfortunately, we currently do not
have a technique to predict which samples will be good or
bad sources (other than brute force training).

5

Detecting pixel-space interpolations Our linear image
blending attack is trivially detectable. Recall that for this
attack we set xαi = (1 − αi ) · x0 + αi · x∗ . Given the unlabeled
dataset U , this means that there will exist at least three examples u, v, w ∈ U that are colinear in pixel space. For our
dataset sizes, a trivial trial-and-error sampling identifies the
poisoned examples in under ten minutes on a GPU. While
effective for this particular attack, it can not, for example,
detect our GAN latent space attack.
We can improve on this to detect arbitrary interpolations.
Agglomerative Clustering [64] creates clusters of similar examples (under a pixel-space `2 norm, for example). Initially
every example is placed into its own set. Then, after computing the pairwise distance between all sets, the two sets with
minimal distance are merged to form one set. The process
repeats until the smallest distance exceeds some threshold.
Because our poisoned examples are all similar in pixelspace to each other, it is likely that they will be all placed in
the same cluster. Indeed, running a standard implementation
of agglomerative clustering [45] is effective at identifying
the poisoned examples in our attacks. Thus, by removing the
largest cluster, we can completely prevent this attack.
The inherent limitation of this defenses is that it assume
that the defender can create a useful distance function. Using
`2 distance above worked because our attack performed pixelspace blending. However, if the adversary inserted examples
that applied color-jitter, or small translations, this defense
would no longer able to identify the cluster of poisoned examples. This is a cat-and-mouse game we want to avoid.

Defenses

We now shift our focus to preventing the poisoning attack we
have just developed. While we believe existing defense are
not well suited to defend against our attacks, we believe that
by combining automatic techniques to identify potentiallymalicious examples, and then manually reviewing these limited number of cases, it may be possible to prevent this attack.

5.1

Dataset Inspection & Cleaning

General-Purpose Poisoning Defenses

While there are a large class of defenses to indiscriminate
poisoning attacks [8, 11, 22, 23, 56], there are many fewer
defenses that prevent the targeted poisoning attacks we study.
We briefly consider two defenses here.
Fine-tuning based defenses [34] take a (potentially poisoned) model and fine-tune it on clean, un-poisoned data.
These defenses hope (but can not guarantee) that doing this
will remove any unwanted memorization of the model. In
principle these defenses should work as well on our setting
as any other if there is sufficient data available—however,
because semi-supervised learning was used in the first case, it
is unlikely there will exist a large, clean, un-poisoned dataset.
Alternatively, other defenses [20] alter the training process
to apply differentially private SGD [1] in order to mitigate the
ability of the model to memorize training examples. However,
because the vulnerability of this defense scales exponentially
with the number of poisoned examples, these defenses are
only effective at preventing extremely limited poisoning attacks that insert fewer than three or five examples.
Our task and threat model are sufficiently different from
these prior defenses that they are a poor fit for our problem
domain: the threat models do not closely align.

5.3

Monitoring Training Dynamics

Unlike the prior defenses that inspect the dataset directly to
detect if an example is poisoned or not, we now develop a
second strategy that predicts if an example is poisoned by
how it impacts the training process.
Recall the reason our attack succeeds: semi-supervised
learning slowly grows the correct decision boundary out from
the initial labeled examples towards the “nearest neighbors”
in the unlabeled examples, and continuing outwards. The
guessed label of each unlabeled example will therefore be
influenced by (several) other unlabeled examples. For benign
11

Frequency (log scaled)

examples in the unlabeled set, we should expect that they will
be influenced by many other unlabeled examples simultaneously, of roughly equal importance. However, by construction,
our poisoned examples are designed to predominantly impact
the prediction of the other poisoned examples—and not be
affected by, or affect, the other unlabeled examples.
We now construct a defense that relies on this observation.
By monitoring the training dynamics of the semi-supervised
learning algorithm, we isolate out (and then remove) those
examples that are influenced by only a few other examples.

102
101
100
10

Computing pairwise influence What does it mean for one
example to influence the training of another example? In
the context of fully-supervised training, there are rigorous
definitions of influence functions [28] that allow for one to
(somewhat) efficiently compute the training examples that
maximally impacted a given prediction. However, our influence question has an important difference: we ask not what
training points influenced a given test point, but what (unlabeled) training points influenced another (unlabeled) training
point. We further find that it is not necessary to resort to
such sophisticated approaches, and a simpler (and 10 − 100×
faster) method is able to effectively recover influence.
While we can not completely isolate out correlation and
causation without modifying the training process, we make
the following observation that is fundamental to this defense:

Benign Examples
Poisoned Examples

103

5

10 4 10 3 10 2 10 1
100
Mean Influence of 5 Nearest Neighbors

Figure 7: Our training-dynamics defense perfectly separates
the inserted poisoned examples from the benign unlabeled
examples on CIFAR-10 for a FixMatch poisoned model. Plotted is the frequency of the influence value across the unlabeled examples. Benign unlabeled examples are not heavily
influenced by their nearest neighbors (indicated by the high
values), but poisoned examples are highly dependent on the
other poisoned examples (indicated by the low values).
been influenced by ui . This definition of influence is clearly
a simplistic approximation, and is unable to capture sophisticated relationships between examples. We nevertheless find
that this definition of influence is useful.

If example u influences example v, then
when the prediction of u changes, the prediction of v should change in a similar way.
After every epoch of training, we record the model’s predictions on each unlabeled example. Let fθi (u j ) denote the
model’s prediction vector after epoch i on the jth unlabeled
example. For example, in a binary decision task, if at epoch 6
the model assigns example u5 class
 0 with
 probability .7 and
class 1 with .3, then fθ6 (u5 ) = .7 .3 . From here, define

Identifying poisoned examples For each example in the
unlabeled training set, we compute the average influence of
the 5 nearest neighbors

∂ fθi (u j ) = fθi+1 (u j ) − fθi (u j )

where close5 (u, v) is true if v is one of the 5 closest (by influence) neighbors to u. (Our result is not sensitive to the
arbitrary choice of 5; values from 2 to 10 perform similarly.)

avg influence(u) =

with subtraction taken component-wise. That is, ∂ f represents
the difference in the models predictions on a particular example from one epoch to the next. This allows us to formally
capture the intuition for “the prediction changing”.
Then, for each example, we let
(a,b)

µj


= ∂ fθa (u j ) ∂ fθa+1 (u j ) . . .

∂ fθb−1 (u j )

Results. This technique perfectly separates the clean and
poisoned examples for each task we consider. In Figure 7
we plot a representative histogram of influence values for
benign and poisoned examples; here we train a FixMatch
model poisoning 0.2% of the CIFAR-10 dataset and 40 labeled examples. The natural data is well-clustered with an
average influence of 2 · 10−2 , and the injected poisoned examples all have an influence lower than 2 · 10−4 , with a mean of
3 · 10−5 . Appendix B shows 8 more plots for additional runs
of FixMatch and MixMatch on CIFAR-10, and SVHN.
When the attack itself fails to poison the target class, it is
still possible to identify all of the poisoned examples that have
been inserted (i.e., with a true positive rate of 100%), but the


fθb (u j )

be the model’s collection of prediction deltas from epoch a to
epoch b. We compute the influence of example ui on u j as
(0,K−2)

Influence(ui , u j ) = kµi

1
∑ Influence(u, v) · 1[close5 (u, v)]
5 v∈
U

(1,K−1) 2
k2 .

−µj

That is, example ui influences example u j if when example ui makes a particular change at epoch k, then example
u j makes a similar change in the next epoch—because it has
12
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Conclusion

Within the past years, semi-supervised learning has gone from
“completely unusable” [61] to nearly as accurate as the fullysupervised baselines despite using 100× less labeled data.
However, using semi supervised learning in practice will require understanding what new vulnerabilities will arise as a
result of training on this under-specified problem.
In this paper we study the ability for an adversary to poison
semi-supervised learning algorithms by injecting unlabeled
data. As a result of our attacks, production systems will not
be able to just take all available unlabeled data, feed it into
a classifier, and hope for the best. If this is done, an adversary will be able to cause specific, targeted misclassifications.
Training semi-supervised learning algorithms on real-world
data will require defenses tailored to preventing poisoning
attacks whenever collecting data from untrusted sources.
Surprisingly, we find that more accurate semi-supervised
learning methods are more vulnerable to poisoning attacks.
Our attack never succeeds on MeanTeacher because it has a
50% error rate on CIFAR-10; in contrast, FixMatch reaches a
5% error rate and as a result is easily poisoned. This suggests
that simply waiting for more accurate methods not only won’t
solve the problem, but may even make the problem worse as
future methods become more accurate.
Defending against poisoning attacks also can not be
achieved through extensive use of human review—doing so
would reduce or eliminate the only reason to apply semisupervised learning in the first place. Instead, we study defenses that isolate a small fraction of examples that should be
reviewed or removed. Our defenses are effective at preventing
the poisoning attack we present, and we believe it will provide
a strong baseline by which future work can be evaluated.
More broadly, we believe that or analysis highlights that
the recent trend where machine learning systems are trained
on any and all available data, without regard to its quality or
origin, might introduce new vulnerabilities. Similar trends
have recently been observed in other domains; for example,
neural language models trained on unlabeled data scraped
from the Internet can be poisoned to perform targeted mispredictions [49]. We expect that other forms of unlabeled
training, such as self -supervised learning, will be similarly
vulnerable to these types of attacks. We hope our analysis
will allow future work to perform additional study of this
phenomenon in other settings where uncurated data is used to
train machine learning models.

Figure 8: Our defenses’s near false positives are duplicated images. The left-most column contains five images
from the CIFAR-10 unlabeled dataset that our defense identifies as near false positives. At right are the four next-mostsimilar images from the CIFAR-10 unlabeled set as computed
by our average influence definition. All of these similar images are visual (near-)duplicates of the first.

false positive rate increases slightly to 0.1%. In practice, all
this means the defender should collect a few percent more
unlabeled examples more than are required so that any malicious examples can be removed. Even if extra training data is
not collected, training on 99.9% of the unlabeled dataset with
the false positives removed does not statistically significantly
reduce clean model accuracy.
Thus, at cost of doubling the training time—training once
with poisoned examples, and a second time after removing
them—it is possible to completely prevent our attack. Multiple rounds of this procedure might improve its success rate
further if not all examples can be removed in one iteration.
Examining (near) false positives. Even the near false positives of our defense are insightful to analyze. In Figure 8 we
show five (representative) images of the benign examples in
the CIFAR-10 training dataset that our defense almost rejects
as if they were poisoned examples.
Because these examples are all nearly identical, they heavily influence each other according to our definition. When one
examples prediction changes, the other examples predictions
are likely to change as well. This also explains why removing
near-false-positives does not reduce model accuracy.
Counter-attacks to these defenses. No defense is fullproof, and this defense is no different. It is likely that future
attacks will defeat this defense, too. However, we believe that
defenses of this style are a promising direction that (a) serve
as a strong baseline for defending against unlabeled dataset
poisoning attacks, and (b) could be extended in future work.
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G. Giacinto, and F. Roli, “Evasion attacks against machine learning
at test time,” in Joint European conference on machine learning and
knowledge discovery in databases. Springer, 2013, pp. 387–402.

[24] N. S. Keskar, D. Mudigere, J. Nocedal, M. Smelyanskiy, and P. T. P.
Tang, “On large-batch training for deep learning: Generalization gap
and sharp minima,” International Conference on Learning Representations, 2017.

[5] B. Biggio, B. Nelson, and P. Laskov, “Poisoning attacks against support
vector machines,” 2012.

[25] D. P. Kingma and J. Ba, “Adam: A method for stochastic optimization,”
International Conference on Learning Representations, 2015.

[6] B. Biggio, I. Pillai, S. Rota Bulò, D. Ariu, M. Pelillo, and F. Roli, “Is
data clustering in adversarial settings secure?” in Proceedings of the
2013 ACM workshop on Artificial intelligence and security, 2013.

[26] M. Kloft and P. Laskov, “Online anomaly detection under adversarial
impact,” in Proceedings of the thirteenth international conference on
artificial intelligence and statistics, 2010, pp. 405–412.

[7] B. Biggio, K. Rieck, D. Ariu, C. Wressnegger, I. Corona, G. Giacinto,
and F. Roli, “Poisoning behavioral malware clustering,” in Proceedings
of the 2014 workshop on artificial intelligent and security workshop,
2014, pp. 27–36.

[27] ——, “Security analysis of online centroid anomaly detection,” The
Journal of Machine Learning Research, vol. 13, no. 1, 2012.
[28] P. W. Koh and P. Liang, “Understanding black-box predictions via influence functions,” in Proceedings of the 34th International Conference
on Machine Learning-Volume 70. JMLR. org, 2017, pp. 1885–1894.

[8] E. J. Candès, X. Li, Y. Ma, and J. Wright, “Robust principal component
analysis?” Journal of the ACM (JACM), vol. 58, no. 3, pp. 1–37, 2011.
[9] N. Carlini, C. Liu, Ú. Erlingsson, J. Kos, and D. Song, “The secret
sharer: Evaluating and testing unintended memorization in neural networks,” in 28th USENIX Security Symposium (USENIX Security 19),
2019, pp. 267–284.

[29] A. Krizhevsky, G. Hinton et al., “Learning multiple layers of features
from tiny images,” (Technical Report), 2009.
[30] A. Krogh and J. A. Hertz, “A simple weight decay can improve generalization,” in Advances in Neural Information Processing Systems,
1992, pp. 950–957.

[10] X. Chen, C. Liu, B. Li, K. Lu, and D. Song, “Targeted backdoor attacks on deep learning systems using data poisoning,” arXiv preprint
arXiv:1712.05526, 2017.

[31] S. Laine and T. Aila, “Temporal ensembling for semi-supervised learning,” International Conference on Learning Representations, 2017.

[11] Y. Chen, C. Caramanis, and S. Mannor, “Robust sparse regression
under adversarial corruption,” in International Conference on Machine
Learning, 2013.

[32] Y. LeCun, Y. Bengio, and G. Hinton, “Deep learning,” nature, vol. 521,
no. 7553, pp. 436–444, 2015.
[33] D.-H. Lee, “Pseudo-label: The simple and efficient semi-supervised
learning method for deep neural networks,” in Workshop on challenges
in representation learning, ICML, vol. 3, 2013, p. 2.

[12] A. Coates, A. Ng, and H. Lee, “An analysis of single-layer networks
in unsupervised feature learning,” in Proceedings of the fourteenth
international conference on artificial intelligence and statistics, 2011,
pp. 215–223.

[34] K. Liu, B. Dolan-Gavitt, and S. Garg, “Fine-pruning: Defending against
backdooring attacks on deep neural networks,” in International Symposium on Research in Attacks, Intrusions, and Defenses. Springer,
2018, pp. 273–294.

[13] E. D. Cubuk, B. Zoph, D. Mane, V. Vasudevan, and Q. V. Le, “Autoaugment: Learning augmentation strategies from data,” in Proceedings of
the IEEE Conference on Computer Vision and Pattern Recognition,
2019.
[14] T. DeVries and G. W. Taylor, “Improved regularization of convolutional
neural networks with cutout,” arXiv preprint arXiv:1708.04552, 2017.

[35] X. Liu, S. Si, X. Zhu, Y. Li, and C.-J. Hsieh, “A unified framework
for data poisoning attack to graph-based semi-supervised learning,”
Advances in Neural Information Processing Systems, 2020.

[15] A. Esteva, B. Kuprel, R. A. Novoa, J. Ko, S. M. Swetter, H. M. Blau,
and S. Thrun, “Dermatologist-level classification of skin cancer with
deep neural networks,” Nature, vol. 542, no. 7639, pp. 115–118, 2017.

[36] Y. Liu, X. Ma, J. Bailey, and F. Lu, “Reflection backdoor: A natural
backdoor attack on deep neural networks,” in European Conference on
Computer Vision. Springer, 2020, pp. 182–199.

[16] R. Geirhos, J.-H. Jacobsen, C. Michaelis, R. Zemel, W. Brendel,
M. Bethge, and F. A. Wichmann, “Shortcut learning in deep neural
networks,” in Nat Mach Intell 2, 2020, pp. 665—-673.

[37] D. Mahajan, R. Girshick, V. Ramanathan, K. He, M. Paluri, Y. Li,
A. Bharambe, and L. van der Maaten, “Exploring the limits of weakly
supervised pretraining,” in Proceedings of the European Conference
on Computer Vision (ECCV), 2018, pp. 181–196.

[17] I. Goodfellow, J. Pouget-Abadie, M. Mirza, B. Xu, D. Warde-Farley,
S. Ozair, A. Courville, and Y. Bengio, “Generative adversarial nets,” in
Advances in Neural Information Processing Systems, 2014.

[38] G. J. McLachlan, “Iterative reclassification procedure for constructing
an asymptotically optimal rule of allocation in discriminant analysis,”
Journal of the American Statistical Association, vol. 70, no. 350, pp.
365–369, 1975.

[18] T. Gu, B. Dolan-Gavitt, and S. Garg, “Badnets: Identifying vulnerabilities in the machine learning model supply chain,” in Proceedings of
the NIPS Workshop on Mach. Learn. and Comp. Sec, 2017.

[39] T. Miyato, S.-i. Maeda, M. Koyama, and S. Ishii, “Virtual adversarial
training: a regularization method for supervised and semi-supervised
learning,” IEEE transactions on pattern analysis and machine intelligence, vol. 41, no. 8, pp. 1979–1993, 2018.

[19] K. He, X. Zhang, S. Ren, and J. Sun, “Deep residual learning for image
recognition,” in Proceedings of the IEEE conference on computer vision
and pattern recognition, 2016, pp. 770–778.

14

[40] B. Nelson, M. Barreno, F. J. Chi, A. D. Joseph, B. I. Rubinstein,
U. Saini, C. A. Sutton, J. D. Tygar, and K. Xia, “Exploiting machine
learning to subvert your spam filter.” LEET, vol. 8, pp. 1–9, 2008.

[58] R. Taori, A. Dave, V. Shankar, N. Carlini, B. Recht, and L. Schmidt,
“Measuring robustness to natural distribution shifts in image classification,” Advances in Neural Information Processing Systems, 2020.

[41] Y. Netzer, T. Wang, A. Coates, A. Bissacco, B. Wu, and A. Y. Ng,
“Reading digits in natural images with unsupervised feature learning,”
Workshop on Deep Learning and Unsupervised Feature Learning, 2011.

[59] A. Tarvainen and H. Valpola, “Mean teachers are better role models:
Weight-averaged consistency targets improve semi-supervised deep
learning results,” in Advances in Neural Information Processing Systems, 2017, pp. 1195–1204.

[42] A. Oliver, A. Odena, C. A. Raffel, E. D. Cubuk, and I. Goodfellow,
“Realistic evaluation of deep semi-supervised learning algorithms,” in
Advances in Neural Information Processing Systems, 2018.

[60] A. Turner, D. Tsipras, and A. Madry, “Label-consistent backdoor attacks,” arXiv preprint arXiv:1912.02771, 2019.
[61] V. Vanhoucke, “The quiet semi-supervised revolution,”
2019.
[Online].
Available:
https://towardsdatascience.com/
the-quiet-semi-supervised-revolution-edec1e9ad8c

[43] S. J. Pan and Q. Yang, “A survey on transfer learning,” IEEE Transactions on knowledge and data engineering, vol. 22, no. 10, pp. 1345–
1359, 2009.

[62] V. Vapnik, “Principles of risk minimization for learning theory,” in
Advances in Neural Information Processing Systems, 1992.

[44] D. S. Park, Y. Zhang, Y. Jia, W. Han, C.-C. Chiu, B. Li, Y. Wu, and Q. V.
Le, “Improved noisy student training for automatic speech recognition,”
arXiv preprint arXiv:2005.09629, 2020.

[63] B. Wang, Y. Yao, B. Viswanath, H. Zheng, and B. Y. Zhao, “With great
training comes great vulnerability: Practical attacks against transfer
learning,” in 27th USENIX Security Symposium (USENIX Security 18),
2018, pp. 1281–1297.

[45] F. Pedregosa, G. Varoquaux, A. Gramfort, V. Michel, B. Thirion,
O. Grisel, M. Blondel, P. Prettenhofer, R. Weiss, V. Dubourg et al.,
“Scikit-learn: Machine learning in python,” the Journal of machine
Learning research, vol. 12, pp. 2825–2830, 2011.

[64] J. H. Ward Jr, “Hierarchical grouping to optimize an objective function,”
Journal of the American statistical association, vol. 58, no. 301, pp.
236–244, 1963.

[46] A. Radford, L. Metz, and S. Chintala, “Unsupervised representation
learning with deep convolutional generative adversarial networks,”
arXiv preprint arXiv:1511.06434, 2015.

[65] C. Xie, M. Tan, B. Gong, J. Wang, A. L. Yuille, and Q. V. Le, “Adversarial examples improve image recognition,” in Proceedings of the
IEEE/CVF Conference on Computer Vision and Pattern Recognition,
2020, pp. 819–828.

[47] B. Recht, R. Roelofs, L. Schmidt, and V. Shankar, “Do ImageNet classifiers generalize to ImageNet?” in Proceedings of the 36th International Conference on Machine Learning, ser. Proceedings of Machine
Learning Research, K. Chaudhuri and R. Salakhutdinov, Eds., vol. 97.
PMLR, 09–15 Jun 2019, pp. 5389–5400.

[66] Q. Xie, Z. Dai, E. Hovy, M.-T. Luong, and Q. V. Le, “Unsupervised
data augmentation for consistency training,” Advances in Neural Information Processing Systems, 2020.

[48] O. Russakovsky, J. Deng, H. Su, J. Krause, S. Satheesh, S. Ma,
Z. Huang, A. Karpathy, A. Khosla, M. Bernstein et al., “Imagenet large
scale visual recognition challenge,” International journal of computer
vision, vol. 115, no. 3, pp. 211–252, 2015.

[67] Q. Xie, M.-T. Luong, E. Hovy, and Q. V. Le, “Self-training with
noisy student improves imagenet classification,” in Proceedings of the
IEEE/CVF Conference on Computer Vision and Pattern Recognition
(CVPR), June 2020.

[49] R. Schuster, C. Song, E. Tromer, and V. Shmatikov, “You autocomplete me: Poisoning vulnerabilities in neural code completion,” in 30th
{USENIX} Security Symposium ({USENIX} Security 21), 2021.

[68] Y. Yao, H. Li, H. Zheng, and B. Y. Zhao, “Latent backdoor attacks on
deep neural networks,” in Proceedings of the 2019 ACM SIGSAC Conference on Computer and Communications Security, 2019, pp. 2041–
2055.

[50] H. Scudder, “Probability of error of some adaptive pattern-recognition
machines,” IEEE Transactions on Information Theory, vol. 11, no. 3,
pp. 363–371, 1965.

[69] C. Zhang, S. Bengio, M. Hardt, B. Recht, and O. Vinyals, “Understanding deep learning requires rethinking generalization,” International
Conference on Learning Representations, 2017.

[51] A. Shafahi, W. R. Huang, M. Najibi, O. Suciu, C. Studer, T. Dumitras,
and T. Goldstein, “Poison frogs! targeted clean-label poisoning attacks
on neural networks,” in Advances in Neural Information Processing
Systems, 2018, pp. 6103–6113.

[70] H. Zhang, M. Cisse, Y. N. Dauphin, and D. Lopez-Paz, “mixup: Beyond
empirical risk minimization,” International Conference on Learning
Representations, 2018.

[52] R. Shokri, M. Stronati, C. Song, and V. Shmatikov, “Membership inference attacks against machine learning models,” in 2017 IEEE Symposium on Security and Privacy (SP). IEEE, 2017, pp. 3–18.

[71] C. Zhu, W. R. Huang, A. Shafahi, H. Li, G. Taylor, C. Studer, and
T. Goldstein, “Transferable clean-label poisoning attacks on deep neural
nets,” Proceedings of Machine Learning Research. Volume 97., 2019.

[53] K. Sohn, D. Berthelot, C.-L. Li, Z. Zhang, N. Carlini, E. D. Cubuk,
A. Kurakin, H. Zhang, and C. Raffel, “Fixmatch: Simplifying semisupervised learning with consistency and confidence,” Advances in
Neural Information Processing Systems, 2020.

[72] X. J. Zhu, “Semi-supervised learning literature survey,” University of
Wisconsin-Madison Department of Computer Sciences, Tech. Rep.,
2005.

[54] K. Sohn, Z. Zhang, C.-L. Li, H. Zhang, C.-Y. Lee, and T. Pfister, “A
simple semi-supervised learning framework for object detection,” arXiv
preprint arXiv:2005.04757, 2020.

A

Semi-Supervised Learning Methods Details

We begin with a description of three state-of-the-art methods:
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• MixMatch [3] generates a label guess for each unlabeled image, and sharpens this distribution by increasing the softmax temperature. During training MixMatch
penalizes the L2 loss between this sharpened distribution
and another prediction on the unlabeled example. As additional regularization, MixMatch applies MixUp [70],
weight decay [30], an exponential moving average of
model parameters, trained with the Adam optimizer [25].
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Additional Defense Figures

• FixMatch [53] is a simplification of MixMatch and
UDA. FixMatch again generates a guessed label and
trains on this label, however it uses hard pseudo-labels
instead of a sharpened label distribution and only trains
on examples that exceed a confidence threshold. By carefully tuning parameters, FixMatch is able to remove from
MixMatch the MixUp regularization and Adam training,
and remove from UDA all of the details above (KLD
loss, training signal annealing). Because it is a simpler
methods, it is easier to determine optimal hyperparameter choices and it is able to achieve higher accuracy.

Figure 9: Our defense reliably detects poisoning attacks using
FixMatch on CIFAR-10. In all cases, we perfectly separate the
standard training data from the injected poisoned examples.
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• Pseudo Labels [33] is one of the early semi-supervised
learning methods that gave high accuracy, and is built
on by most others. This technique introduced the label
guessing procedure, and exclusively works by generating
a guessed label for each unlabeled example, and then
training on that guessed label.
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We also describe the four prior methods:
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• UDA [66] at its core behaves similarly to MixMatch,
and generates label guesses and matches the sharpened
guess as MixMatch does. Instead of applying standard
weak augmentation, UDA was the first method to show
that strong augmentation can effectively increase the
accuracy of semi-supervised learning algorithms. UDA
again also contains a number of implementation details,
including a cosine decayed learning rate, an additional
KL-divergence loss regularizer, and training signal annealing.
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• Virtual Adversarial Training [39] proceeds by guessing a label for each unlabeled example using the current
model weights. Then, it minimizes two terms. First, it
minimizes the entropy of the guessed label, to encourage
confident predictions on unlabeled examples. Then, it
generates an adversarial perturbation δ for each unlabeled example and encourages the prediction f (xu ) to
be similar to the prediction f (xu + δ).
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Figure 10: Our defense reliably detects poisoning attacks
using MixMatch on CIFAR-10. In all cases, we perfectly
separate the standard training data from the injected
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• Mean Teacher [59] again generates a pseudo label for
each unlabeled example and trains on this pseudo label.
However, instead of generating a pseudo label using
the current model weights, it generates the pseudo label
using an exponential moving average of prior model
weights.
• PiModel [31] relies heavily on consistency regularization. This technique introduces the augmentationconsistency as used in prior techniques, however this
paper uses network dropout instead of input-space perturbations to regularize the model predictions.
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Figure 11: Our defense reliably detects poisoning attacks
using MixMatch on SVHN. In all cases, we perfectly separate
the standard training data from injected poisoned examples.
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Figure 12: Our defense reliably detects poisoning attacks using FixMatch on SVHN. In all cases, we perfectly separate the
standard training data from the injected poisoned examples.
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