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Abstract—Quantization-aware training (QAT) achieves com-
petitive performance and is widely used for image classification
tasks in model compression. Existing QAT works start with
a pre-trained full-precision model and perform quantization
during retraining. However, these works require supervision
from the ground-truth labels whereas sufficient labeled data
are infeasible in real-world environments. Also, they suffer
from accuracy loss due to reduced precision, and no algorithm
consistently achieves the best or the worst performance on every
model architecture. To address the aforementioned limitations,
this paper proposes a novel Self-Supervised Quantization-Aware
Knowledge Distillation framework (SQAKD). SQAKD unifies
the forward and backward dynamics of various quantization
functions, making it flexible for incorporating the various QAT
works. With the full-precision model as the teacher and the
low-bit model as the student, SQAKD reframes QAT as a co-
optimization problem that simultaneously minimizes the KL-Loss
(i.e., the Kullback-Leibler divergence loss between the teacher’s
and student’s penultimate outputs) and the discretization error
(i.e., the difference between the full-precision weights/activations
and their quantized counterparts). This optimization is achieved
in a self-supervised manner without labeled data. The evaluation
shows that SQAKD significantly improves the performance of
various state-of-the-art QAT works (e.g., PACT, LSQ, DoReFa,
and EWGS). SQAKD establishes stronger baselines and does not
require extensive labeled training data, potentially making state-
of-the-art QAT research more accessible.

I. INTRODUCTION

Quantization is one of the model compression ap-
proaches [1]-[5] to address the mismatch issue between
resource-hungry DNNs and resource-constrained edge de-
vices [6]—[8]]. Various quantization techniques [9]-[12] have
achieved great results in creating low-bit models through
Quantization-Aware Training (QAT), which starts with a pre-
trained model and performs quantization during retraining.
However, most of them result in some degree of accuracy loss
due to reduced precision [[13]] and no algorithm consistently
achieves the best or the worst performance on every model
architecture (e.g., VGG, ResNet, MobileNet, etc.) [14]. Also,
the various QAT works are motivated by different intuitions
and lack a commonly agreed theory, which makes it chal-
lenging to generalize. Moreover, all the QAT works assume
labeled training data are always available while labeling the
data can be time-consuming and sometimes even infeasible,
particularly in specialized domains or for specific tasks .

To address the aforementioned limitations and improve the
performance of the state-of-the-art (SOTA) QAT for model
compression, we propose a simple yet effective framework
— Self-Supervised Quantization-Aware Knowledge Distilla-
tion (SQAKD). SQAKD first unifies the forward and back-
ward dynamics of various quantization functions and shapes
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Fig. 1: Workflow of SQAKD.

QAT as minimizing the discretization error between original
weights/activations and their quantized counterparts. Then,
SQAKD lets the full-precision and low-bit models as the
teacher and student, respectively, and excludes CE-Loss (i.e.,
cross-entropy loss with labels) and keeps only the KL-
Loss (i.e., the Kullback-Leibler divergence loss between the
teacher’s and student’s penultimate outputs), reframing QAT
as a co-optimization problem that simultaneously minimizes
the KL-Loss and the discretization error without supervision
from labels.

Compared to existing QAT methods, SQAKD has several
advantages. First, SQAKD is flexible for incorporating the
various QAT works since it unifies the optimization of their
forward and backward dynamics. Second, SQAKD operates
in a self-supervised manner without labeled data, supporting a
more extensive scope of applications in practical scenarios.
Finally, SQAKD improves the various SOTA QAT works
significantly in both convergence speed and accuracy.

II. METHODOLOGY
Figure[I] illustrates the workflow of the proposed SQAKD.

Forward Propagation. Let Quant(-) denote a uniform quan-
tizer that converts a full-precision input z to a quantized
output x, = Quant(z). x can be the activations or weights
of the network. First, the quantizer Quant(-) applies a clip-
ping function Clip(-) to normalize and clip the input z to
smaller range, producing a full-precision latent presentation:
z. = Clip(z, {p; ;Z{(C,v,m), where v and m are the lower
and upper bound of the range, respectively, {p; }*=%¢ denotes
the set of trainable parameters needed for quantization, and
K. denotes the number of parameters. Then, the quantizer
Quant(-) converts the clipped value z. to a discrete quanti-
zation point x, using the function R(-) that contains a round
function: z, = R(x.,b, {q i{{), where b is the bit width
and {g;};—] " denotes the set of trainable parameters. Thus,
Quant(-) can be described as: z, = Quant(z,a,b,v,m),
here we use « as a shorthand for the set of all the parameters
in the functions R(-) and Clip(:): a = {{pi}ifc, {q,»}i{("



TABLE I: Top-1 test accuracy (%) on CIFAR-10 and CIFAR-100.

Model VGG-8 ResNet-20
ode (FP: 91.27) (FP: 92.58)
CIFAR-10 e vidth WIAI W2A2 W4A4|WIAI W2A2 W4A4
EWGS [12] 8777 90.84 90.95 | 86.42 91.41 92.40

89.05 91.55 91.31 | 86.47 91.80 92.59

SQAKD (EWGS)| 158) (+0.71) (+0.36)|(+0.05) (+0.39) (+0.19)

Model VGG-13 ResNet-32

ode (FP: 76.36) (FP: 71.33)
CIFAR-100 b Vidth WIAT W2A2 W4A4 | WIA1T W2A2 W4A4
EWGS [12] 6555 7331 7341|5925 6937 70.50

68.56 74.65 74.67 | 59.41 69.99 71.65

SQAKD (EWGS)| (/3°01) (+1.34) (+1.26)|(+0.16) (+0.62) (+1.15)
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Fig. 2: Top-1 test accuracy evolution of full-precision models (FP), and

quantized models using EWES and EWGS+SQAKD, in each epoch during

training on CIFAR-10 and CIFAR-100. “WxAX” denotes that the weights

and activations are quantized into xbit and Xbit, respectively.
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Backward Propagation. Different from prevalent quantiza-
tion works using Straight-Through Estimator (STE) [15] in
backpropagation, we propose a novel formulation of backprop-
agation by integrating the discretization error (z. — x4):

oL _ oL
Or. Oz,

o (Ze — 2q), 1

where p is a non-negative value. STE is represented by setting
1 to zero, and p can also be updated by other schemes, like
Curriculum Learning driven strategy [[1], [[16].

Optimization Objective. To apply Knowledge Distillation
(KD) [[17] into quantization, we let a pre-trained full-precision
network act as the teacher, guiding a low-bit student with the
same architecture. KD [[17] defines the training loss as a linear
combination of the cross-entropy loss (term “CE-Loss”) with
labels and the KL divergence (termed “KL-Loss”) between
the teacher’s and student’s soft logits, controlled by a hyper-
parameter \: L = (1 — A\)Lcg + ALkL.

However, we find out that CE-Loss does not cooperate ef-
fectively with KL-Loss, and their combination may potentially
degrade the network performance. Solely minimizing KL-Loss
is sufficient for achieving optimal gradient updates in the
quantized network. So we drop the CE-Loss and keep only the
KL-Loss in SQAKD. The optimization objection is defined as:

min_ KL(S(h"/p)||S(h* /)
Wg,aw,aa

(@)

s.t. W,f = Qua’ntw(Wfq,OJW7bW7UW7mW)

Aqs = QuantA(A?,aA,bA,vA,mA),

where p is the temperature, which makes distribution softer for
using the dark knowledge, Y is the ground-truth labels, h”" and
hS are the penultimate layer outputs of the teacher and student,
respectively. Quanty (-) and Quant 4(-) are the quantization
function for the student’s weights and activations, and Wfs /A?
and qu /A(f are the student’s full-precision weights/activations
and quantized weights/activations.

TABLE II: Top-1 test accuracy (%) of ResNet and VGG on Tiny-ImageNet.

Model ResNet-18 VGG-11
ode (FP: 65.59) (FP: 59.47)
Bit-width W3A3 W4A4 WSAS | W3A3 W4A4 WBAS
PACT [10] 5809 6106 6491 | 5294 57.10  58.08
6134 6147 6578 | 5725 59.05  59.44
SQAKD (PACT) | ([375) (4041) (+0.87) | (+4.31) (+1.95) (+1.36)
LSQ 1] 6199 6410 6508 | 5839 59.14 5925
6521 6534 6596 | 5843 59.19  59.42
SQAKD (LSQ) (+322) (+124) (+0.88) | (+0.04) (+0.05) (+0.17)
DoReFa [9] 6194 6272 6323 | 5672 5728  57.54
6410 6456 6488 | 57.02 5893 5891
SQAKD (DoReFa) | (15 16) (11.84) (+1.65) | (+0.3) (+1.65) (+1.37)

TABLE III: Top-1 and top-5 test accuracy (%) of MobileNet-V2, ShuffleNet-
V2, and SqueezeNet on Tiny-ImageNet.

Model Bit-width Method Top-1 Acc. Top-5 Acc.
FP - 58.07 80.97
W3A3 PACT [10] 47.77 73.44
- SQAKD (PACT)  52.73 (+4.96) 77.68 (+4.24)
MobileNet-V2 W4A4 PACT [10] 50.33 75.08
SQAKD (PACT)  57.14 (+6.81) 80.61 (+5.53)
WSAS DoReFa [9] 56.26 79.64
SQAKD (DoReFa) 58.13 (+1.87) 81.3 (+1.66)
FP - 4991 76.05
W4A4 PACT [10] 27.09 52.54
ShuffleNet-V2 SQAKD (PACT)  41.11 (+14.02) 68.4 (+15.86)
WSAS DoReFa [9] 45.96 71.93
SQAKD (DoReFa) 47.33 (+1.37) 73.85 (+1.92)
FP - 51.49 76.02
W4AL LSQ [11] 35.37 62.75
SqueezeNet1_0 SQAKD (LSQ) 47.40 (+12.03) 73.18 (+10.43)
WSAS DoReFa [9] 42.66 69.25

SQAKD (DoReFa) 46.62 (+3.96)  73.02 (+3.77)

III. EVALUATION

Experiment Setup. We conduct an extensive evaluation on
diverse models (ResNet [18], VGG [19], MobileNet [20]],
ShuffleNet [21]], SqueezeNet [22]], and AlexNet [23]]) and var-
ious datasets, including CIFAR-10 [24]], CIFAR-100 [24f], and
Tiny-ImageNet [25]]. We incorporate state-of-the-art (SOTA)
quantization methods (PACT [10], LSQ [11]], DoReFa [9],
and EWGS [12]) into SQAKD, and compare to their original
results to show the improvement made by SQAKD.

Accuracy on CIFAR-10 and CIFAR-100. Table |I| shows that
SQAKD improves the accuracy of EWGS by a large margin
for 1, 2, and 4-bit quantization on CIFAR-10 and CIFAR-
100. Specifically, on CIFAR-10, SQAKD improves EWGS by
0.36% to 1.28% on VGG-8 and 0.05% to 0.39% on ResNet-
20; and on CIFAR-100, SQAKD improves EWGS by 1.26%
to 3.01% on VGG-13 and 0.16% to 1.15% on ResNet-32.

Accuracy on Tiny-ImageNet. Tables [I] and show that
SQAKD consistently improves the accuracy of various quan-
tization methods, including PACT [10], LSQ [11], and
DoReFa [9]], by a large margin in all cases. Specifically,
SQAKD improves 1) PACT by 0.41% to 15.86%, 2) LSQ
by 0.04% to 12.03%, and 3) DoReFa 0.3% to 3.96% for 3, 4,
and 8-bit quantization.

Convergence Speed. Figure 2] illustrate the top-1 test accu-
racy evolution for 1-bit VGG-18 (CIFAR-10), 4-bit ResNet-
32 (CIFAR-100), and 4-bit MobileNet-V2 (Tiny-ImaeNet),
respectively, in each epoch during training. SQAKD improves
the convergence speed of the existing quantization methods
on all model architectures. Furthermore, on MobileNet-V2,
SQAKD enables the quantized student to converge much
faster than the full-precision teacher whereas the quantization
method alone cannot achieve that.
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