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ABSTRACT

Budgeted adaptive inference with early exits is an emerging technique to improve
the computational efficiency of deep neural networks (DNNs) for edge Al appli-
cations with limited resources at test time. This method leverages the fact that
different test data samples may not require the same amount of computation for a
correct prediction. By allowing early exiting from full layers of DNN inference
for some test examples, we can reduce latency and improve throughput of edge
inference while preserving performance. Although there have been numerous
studies on designing specialized DNN architectures for training early-exit enabled
DNN models, most of the existing work employ hand-tuned or manual rule-based
early exit policies. In this study, we introduce a novel multi-exit DNN inference
framework, coined as EENet, which leverages multi-objective learning to optimize
the early exit policy for a trained multi-exit DNN under a given inference budget.
This paper makes two novel contributions. First, we introduce the concept of
early exit utility scores by combining diverse confidence measures with class-wise
prediction scores to better estimate the correctness of test-time predictions at a
given exit. Second, we train a lightweight, budget-driven, multi-objective neural
network over validation predictions to learn the exit assignment scheduling for
query examples at test time. The EENet early exit scheduler optimizes both the
distribution of test samples to different exits and the selection of the exit utility
thresholds such that the given inference budget is satisfied while the performance
metric is maximized. Extensive experiments are conducted on five benchmarks,
including three image datasets (CIFAR-10, CIFAR-100, ImageNet) and two NLP
datasets (SST-2, AgNews). The results demonstrate the performance improve-
ments of EENet compared to existing representative early exit techniques. We also
perform an ablation study and visual analysis to interpret the results.

1 INTRODUCTION

Deep neural networks (DNNs) have shown unprecedented success in various fields such as computer
vision and NLP, thanks to the advances in computation technologies (GPUs, TPUs) and the increasing
amount of available data to train large and complicated DNNs. However, these models usually
have very high computational cost, which leads to many practical challenges in deployment on edge
computing applications, especially for edge clients with limited resources such as smartphones, IoT
devices, and embedded devices (Goodfellow et al.,|2016;|Laskaridis et al.,[2021; [Teerapittayanon et al.,
2017). With this motivation, there has been a significant research focus on improving computational
efficiency of DNN models, especially at inference time. To this end, several efficient techniques, such
as model quantization (Gholami et al.|[2022), neural network pruning (Ghosh et al.,2022), knowledge
distillation (Hinton et al.;2015) and early exiting (Teerapittayanon et al.,[2016), have been introduced
in the literature. Among these, early exiting has emerged as an efficient and customizable approach
for deploying complex DNNs on edge devices, thanks to modular implementation and flexibility in
terms of supporting multi-fidelity application scenarios.

Early exiting employs the idea of injecting early exit classifiers into some intermediate layers of a
deep learning model and gaining the capability to adaptively stop inference at one of these early exits
in runtime (Laskaridis et al.l[2021). In particular, this technique enables several different application
scenarios for efficient inference such as subnet-based inference where a single-exit submodel is
selected and deployed based on the constraints of the edge device. Another use case is the budget-
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constrained adaptive inference where the multi-exit DNN model is deployed under a given inference
budget. At model training phase, we need to train the DNN model with the additional multiple exit
branches through joint loss optimization. During inference, the early-exit enabled DNN model can
elastically adjust how much time to spend on each sample based on an early exit scheduling policy to
maximize the overall performance metric under the given inference budget. In this setting, through
learning an early exit policy, early exiting has the potential to leverage the fact that all input samples
do not have to require the same amount of computation for a correct prediction. This approach
provides efficient utilization of the provided inference resources on heterogeneous edge devices by
exiting earlier for easier and later for more challenging data samples, as shown for some example
images in Figure[T} Even though there is a significant line of research on improving the performance
of early-exit neural networks through designing specialized DNN architectures (Huang et al., 2018
Veniat & Denoyer, [2018; | Yang et al., |2020; [Elbayad et al.,|2020) and DNN training algorithms (L1
et al.| [2019; |Phuong & Lampert, 2019), work on optimizing early exit policies is very limited. In the
literature, most methods still consider hand-tuned or heuristics-based approaches in early exiting.

With this motivation in mind, we introduce EENet, the first
lightweight and budget-driven early exit policy optimization
framework, to learn the optimal early-exit policy for adaptive
inference given a trained multi-exit model and inference bud-
get. In particular, our approach employs a two-branch neural
network optimized on validation predictions to estimate the cor-
rectness of a prediction and exit assignment of a sample. The \ ‘
design of EENet makes two original contributions. First, EENet T
introduces the concept of exit utility scores, and computes the

exit utility score for each test input by jointly evaluating and Figure 1: Example easy/difficult
combining two complimentary statistics: (i) the multiple con- images from ImageNet on four dif-
fidence scores that quantify the correctness of the early exit ferent classes.

prediction output and (ii) the class-wise prediction scores. This

enables EENet to handle the cases with statistical differences among prediction scores for different
classes. Second, based on exit utility scoring and inference budget constraint, the EENet early exit
scheduler optimizes the distribution of test samples to different exits and auto-selects the exit utility
threshold for each early exit such that the test performance is maximized while the inference budget
is satisfied. The design of EENet is model-agnostic and hence, applicable to all pre-trained multi-exit
DNN models. In addition, EENet enables flexible splitting of multi-exit DNN models for edge clients
with heterogeneous computational resources by running only a partial model until a certain early exit.

We conduct extensive experiments to evaluate EENet with multiple DNN architectures (ResNet (He
et al., 2016), DenseNet (Huang et al., 2017), MSDNet (Huang et al.,[2018)), BERT (Devlin et al.|
2019)) on three image classification benchmarks (CIFAR10, CIFAR100, ImageNet) and two NLP
benchmarks (SST-2, AgNews). We demonstrate the improvements of EENet in terms of test accuracy
under a given inference budget (average latency), compared to existing representative approaches,
such as BranchyNet (Teerapittayanon et al., 2016), MSDNet (Huang et al.,[2018)) and PABEE (Zhou
et al.l 2020), which has specifically been introduced for NLP tasks. We consider average latency as
the budget definition as it usually reflects the inference constraints in real-life applications, compared
to most of the existing studies that only analyze #FLOPs. We also provide an ablation study and
visual analysis to interpret the behavior of our approach. Lastly, we report the computational cost
statistics in space and time in terms of number of parameters and #FLOPs.

2 RELATED WORK

BranchyNet (Teerapittayanon et al., | 2016) is the first to explore the idea of early exits. It considers
the entropy of prediction scores as the measure of confidence and sets the early exit thresholds
heuristically. MSDNet (Huang et al.l 2018) is the most representative architecture-specific early
exit DNN training solution, which uses maximum prediction score instead of entropy as the exit
confidence measure. These manually defined confidence measures may be suboptimal, especially
in the existence of statistical differences in prediction scores for different classes. Furthermore,
these studies only consider the image classification task. Recent studies apply early exiting on NLP
tasks. For example, PABEE (Zhou et al.,|2020) shows that the manual prediction score-based exit
confidence measuring approaches may cause substantial performance drop for NLP tasks. Hence,
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PABEE proposes an early exit criterion based on the agreement among early exit classifiers, which
stops the inference when the number of predictions on the same output reaches a certain patience
threshold. However, this method may require having a high number of early exits to produce
meaningful scores so that the samples can be separated with a higher resolution for the exit decision.
Nevertheless, all these methods introduce manually defined task-specific rules, which do not include
any optimization of the early exit policies in terms of scoring function and threshold computation.

Some recent efforts propose other task-dependent confidence measures (Lin et al., 2021} |Li et al.|
2021) or modifying the training objective to include exit policy learning during the training of a
multi-exit DNN (Dai et al., [2020; |Chen et al.;2020). EPNet (Dai et al., 2020) proposes to model the
problem using Markov decision processes however they add an early exit classifier at each exit to
increase the number of states, which is computationally unfeasible since each early exit introduces
an additional computational cost during both training and inference, especially for deeper models.
(Chen et al.,2020) proposes a variational Bayesian approach to learn when to stop predicting during
training. Another drawback of these approaches is to require a larger number of early exits to produce
meaningful scores. To the best of our knowledge, EENet is the first to learn optimal early exit policies
independent of the multi-exit DNN training process.

3 EENET ARCHITECTURE AND METHODOLOGY

Given a pre-trained DNN model with N layers, one can inject multiple exits and finetune the model.
Three key questions are (i) what number of exits K is most suitable, (ii) how to determine which
layers I, to place each exit k, and (iii) which optimization algorithms to use for training. The first
two questions remain open, hence the number and location of exits is manually selected in existing
work. Although most existing research addresses the question (iii) by developing complex training
algorithms, they use manually tuned exit policies during inference. We argue that a model-agnostic
approach should focus on lightweight adaptive learning of optimal early exit policies that can be
applied to any pre-trained multi-exit model. To this end, we perform the optimization of early
exit policies upon the completion of multi-exit model training. In this section, we provide the
details of EENet by first explaining the multi-exit model training approach and then describing the
model-agnostic adaptive inference optimization methodology.

3.1 MULTI-EXIT MODEL TRAINING

To enable the given pre-trained DNN classifier to perform early exiting, we first inject early exit
classifiers into the model at certain intermediate layers. We set the exit locations [;, following even
spacing principle such that [, = o + kL for k € {1,2,... K — 1}, where lj is the location of the
first exit, L = L[}f(:lfj and [ = N is the location of last exit, i.e. the full model. Let f denote a
multi-exit classification model capable of outputting multiple predictions in one forward pass after
the injection of early exit subnetworks f7. The architecture of f should be designed in a way that
the additional cost is negligible compared to the full model. Therefore, we employ 3-layer CNNs and
a 1-layer fully-connected layer for image and text classification models respectively.

Let us denote the set of output probability scores of f for one input sample x as {Qk}le and the
corresponding label as y € C, where K is the number of exits and C = {1,2,...C} is the set of
classes. Here, at each exit k, g, = f.(€) = [...Jk.c...] € R is the vector of prediction scores for
each class ¢, where fj, £ feo ffo... f{ with f{ the kth core subnetwork and f; the kth early exit
subnetwork of the multi-exit model f. During the training/finetuning of these models, we minimize
the weighted average of cross-entropy losses from each exit: L,,q1ti_cait = Zle vxLcE,, Where

Lc g, is the cross-entropy loss and v;, = m is the loss weight of the kth exit.

3.2 ADAPTIVE EARLY-EXIT INFERENCE OPTIMIZATION

Problem Definition: After training the multi-exit classification model f with K exits, we can
move forward to generate an early exit policy under given budget constraints. To this end, we
consider a given average per-sample inference budget B (in terms of latency, #FLOPs etc.), and
the vector of inference costs ¢ € R¥ of f until each exit. On a dataset with N examples, D =
{({Gnk HE |, yn) 1Y containing model prediction scores on validation samples and corresponding
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Prediction score vectors

Confidence score vectors

Early exit utility scores

Early exit assignment scores
Figure 2: System architecture of EENet.

labels, the goal is to find the optimal exit utility scoring functions ({gk}le) and the thresholds
t € R¥X that maximizes the accuracy as follows:

N
1
t’g - argmax T 1An =Yn> (1)
tERK {giRD HR}K | N; e
kn = mzn{kmk(yn,k) 2 tk} )

while satisfying the given average per-sample inference budget B such that % Zi\;l ¢k, < B. Here,
k,, denotes the minimum exit index where the computed utility score was greater or equal to the
threshold of that exit, i.e. the assigned exit for the nth sample. The pair of exit utility scoring
functions (g1, g2 - . . gx) and thresholds (¢1, t2, . . . t x) that maximizes the validation accuracy while
satisfying the given average budget are then used for early-exit enabled inference.

EENet Architecture: Figure 2] gives an overview of our early exit policy learning architecture
for adaptive inference. We solve the problem of optimizing an early exit policy by developing a
multi-objective optimization approach with the target variables g and r, representing the correctness
of a prediction and exit assignment at the kth exit such that

1 if =y
= Y (3)
o {0 if gk #y
1 eoa
Ef’:l Qp lf yk: y
Tk = % if gw#ty VE e{l...K} “4)
0 otherwise,

where 3, £ arg maX,cc Jk,c. In addition, let us denote the confidence score vector a;, containing
different measures based on maximum score, entropy and voting such that

(max)

ay = Max Jk.c; 4)
C N N
(entropy) Zc/zl Yk,c! IOg Yk,c!
=1 6
ak + logc ) ( )
k
(vote) 1 1 7
a, = 3 ax Grr=c- (7N
k'=1

At each exit k, using the prediction score vector g and the confidence score vector ay, we compute
utility score §j, and assignment score 7 as follows:

S, = UZTelu(W;(:h) [, ak, bi]), (8)
Gk = gk (Jr, ar, by) = Usig(W,(cg)Sk:), )
e

e = hi(Gn an, br) = Wsp (10)

p— 7]{ = 5
Do €



Under review as a conference paper at ICLR 2023

where by, = [§1, ... Gr—1] for k > 1 and an empty vector for k = 1. 0yepo () = max(0,z) 4+ 0.01 %

min(0, z) is the leaky ReLU activation function. Here, W) W) & R1*Dnr and W™ ¢ RDnxD
are the fully-connected layer weights for exit utility score function gy, exit assignment function hy,
and the shared part of the network for these functions. Thus, the model weights for kth exit can
be denoted as 87 = {W'? W1 and 6" = (W WM} Here, D = C + k + 2 is the
number of input features and Dy, is the hidden layer size.

Optimization: After computing the target values g;, and 7 representing the correctness of a
prediction and exit assignment using Equations equation |3|and equation |4} we compute the multi-
objective loss defined as £ = L, + Ly, where L, and L}, are the losses observed by the exit utility
scoring functions g;,, and exit assignment estimator functions hy, respectively. We define £, as
follows:

N K
1 R
L, = % Z Z W, kg (Gn. k> Gn,k) such that (1D
n=1k=1
Co(qrs qr) = qr log(dr) + (1 — g) log(1 — §i) and (12)
-0
k'=1"k'n
Wk = — LR (13)
Zn':1(1 - k/:11 rk’,n)

where N is the number of validation data samples and w,, j, is the loss weight for the nth sample at
the kth exit. This weighting scheme based on the survival possibilities up to that exit encourages
exit score estimator functions to specialize in their respective subset of data. The computation of
weights in Equation equation [I3]is performed outside the computation graph. Lastly, we define
Ly = a‘cbudget + BLcE such that

| MK
Lyudget = NZZ n,kCk| and (14)
n=1k=1
| NK
Lop =~ D D108 k)rnk, (15)
n=1k=1

where «, 3 > 0 are the loss weighting parameters and r is defined in equation We learn
{0,(69) M and {B,Eh) X | by minimizing £ on D = {({§n.x }_;, yn) }2_; using stochastic gradient
descent. We provide the pseudocode for the optimization of the utility function g and thresholds ¢ in
Algorithm[I] Here, given the validation dataset with model predictions/labels, budget and inference
costs, we first learn the exit utility scoring and assignment functions by minimizing £. Then for each
exit, we let the most utilizable samples exit until the quota assigned to that exit is full. We set the
threshold to the exit utility score of the last exited sample with the lowest score. We also provide
Algorithm [2|for early-exit enabled adaptive inference with EENet in Appendix [A] During inference,
at each exit k£, we compute the exit utility score using the optimized exit utility scoring function gy
from the output of Algorithm [I]and stop the inference if the score is above the threshold .

4 EXPERIMENTS

We conduct extensive experiments to evaluate EENet and report the performance improvements
obtained by EENet for budget-constrained adaptive inference on five benchmarks (CIFAR-10, CIFAR-
100, ImageNet, SST-2 and AgNews). We demonstrate that EENet consistently outperforms exist-
ing representative multi-exit solutions, such as BranchyNet (Teerapittayanon et al.| 2016), MSD-
Net (Huang et al., |2018)) and PABEE (Zhou et al., 2020). Our ablation study and visual analysis
further interpret the design features of EENet.

Datasets and Preprocessing: In image classification experiments, we work on CIFAR-
10/100 (Krizhevskyl |2009) and ImageNET (Deng et al., |2009) datasets. CIFAR-10 and CIFAR-100
contain 50000 train and 10000 test images with 32x32 resolution from 10 and 100 classes respectively.
ImageNET contains 1.2 million train and 150000 validation images (used for test) with 224x224
resolution from 1000 classes. We hold out randomly selected 5000 images from CIFAR-10/100 train
set and 25000 images from ImageNET train set for validation. We follow the data augmentation
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Algorithm 1 Early Exit Inference Optimization Algorithm

Inputs: D = {({@nx H< |, yn) }Y_; (validation predictions and labels), B (average inference budget
per sample), ¢ € R¥ (inference costs per sample until each exit)
Output: {gx} | (exit utility score functions), ¢ € R¥ (thresholds)

1: Initialize: h + zeros(N), t «+ ones(k) * 1e8
: Learn {g}X_, and {hy}X_, by minimizing £ on D.
3: Compute exit scores: C £ (g, 1) € RV*K using equation@
4: S = (spx) € RV*E « argsort(C,1)
5: for exit index k = 1 to K do
6: c+0
7
8

[\

Estimate exit distribution: py < % 25:1 ',k USINg equation
for sample indexn = 1 to N do

9: if hs , = 0 then

10: c+c+1

11: he, , 1

12: if c = round(Npy) then
13: tk < s, 4.k

14: break

15: tg + —1e8
16: return {g;} ¢t

techniques applied in (He et al.,|2016)), zero padding, center cropping, random horizontal flip with
0.5 probability. In text classification experiments, we consider SST-2 (Socher et al.l 2013) and
AGNews (Zhang et al., [2015)) datasets. SST-2 contains 67349 train, 872 validation and 1821 test
sentences with positive or negative labels. AGNews contains 120000 train and 7600 test sentences
from four classes. We hold randomly selected 5000 sentences for validation. For tokenization, we use
the pre-trained tokenizer for BERT model provided by open-source HuggingFace (Wolf et al., 2020).

Experimental Setup: We perform experiments with ResNet (He et al.,|2016) on CIFAR-10 and with
DenseNet121 (Huang et al., 2017) on CIFAR-100. We use the default ResNet settings for 56-layer
architecture and insert two evenly spaced early exits at the 18th and 36th layers. For DenseNet, we
follow the default settings for 121-layer configuration and insert three early exit layers at the 12th,
36th and 84th layers after transition layers. We train these models using Adam optimizer (Kingma
& Bal 2015) for 150 epochs (first 20 epochs without early exits) and the batch size of 128, with the
initial learning rate of 0.1 (decays by 0.1 at 50-th and 100th epochs). On ImageNet dataset, we use
MSDNet (Huang et al., 2018)) with 35 layers, 4 scales and 32 initial hidden dimensions. We insert
four evenly spaced early exits at the 7th, 14th, 21th and 28th layers. Each early exit classifiers consist
of three 3x3 convolutional layers with ReLU activations. We use the pre-trained BERT (Devlin
et al.| |2019) provided by the open-source HuggingFace library (Wolf et al., 2020) on SST-2 and
AgNews datasets. We insert three evenly spaced early exits at the 3rd, 6th and 9th layers. Each
early exit classifier consists of a fully-connected layer. We finetune the models for 20 epochs using
gradient descent with the learning rate of 3e-5 and batch size of 16. For EENet, we set Dy, = 0.5D,
a = le—1and § = le — 3 for image classification experiments and we optimize the weights
using Adam optimizer with the learning rate of 3e — 5 on validation data. For text classification
experiments, we set Dy, = 2D, a = le — 2 and § = le — 4, and use the learning rate of le — 4. We
use L2 regularization with the weight of 0.01. In all experiments, we stop the training if the loss
does not decrease for 50 consecutive epochs on the validation set. For MSDNet (Huang et al., [2018)),

BranchyNet (Teerapittayanon et al.,|2016)) and PABEE (Zhou et al.| 2020), we use maximum score

a,(cmaz), entropy-based a,ientmp ¥) and agreement-based a,ﬁwte) scores as provided in equations E“a

and[/| To compute the thresholds for these methods, we follow the approach in (Huang et al., 2018)
and assume that exit assignment of samples will follow the geometric distribution that satisfies the
budget on validation data. Our implementation is on Python 3.7 with PyTorch 1.12 library. Each
latency measurement is carried out 100 times on a machine with 8-core 2.9GHz CPU. The extra
inference time caused by the computations of equations equation [§|and equationQ]are also included in
the reported latency measurements, and the cost is much smaller compared to the cost of the forward
pass of the model as shown in Table 2] The source code of EENet is available at [anonymized].
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Dataset, Model and Average Latency Accuracy (%)

Base Performance Budget per sample | BranchyNet MSDNet PABEE EENet
CIFAR-10 3.50 ms 93.76 93.81 93.69 93.84
ResNet56 w/ 3 exits 3.00 ms 92.57 92.79 91.85  92.90
93.90% @ 4.70 ms 2.50 ms 87.55 88.76 84.39  88.90
CIFAR-100 7.50 ms 73.96 74.01 73.68  74.08
DenseNet121 w/ 4 exits 6.75 ms 71.65 71.99 68.10  72.75
75.08% @ 10.20 ms 6.00 ms 68.13 68.70 61.13  70.15
ImageNet 1.50s 74.10 74.13 74.05 7418
MSDNet35 w/ 5 exits 1.25s 72.44 72.70 7240 7275
74.60% @ 2.35 s 1.00's 69.32 69.76 68.13  69.88
SST-2 2.50's 90.86 91.00 90.75  92.07
BERT w/ 4 exits 2.00s 87.66 87.71 86.99 9145
92.36% @ 3.72's 1.75s 84.33 84.30 80.99  90.45
AgNews 2.50s 92.95 92.98 92.57  93.84
BERT w/ 4 exits 2.00s 85.58 84.93 8522  93.75
93.98% @ 3.72 s 1.50's 75.08 73.07 74.67  90.63

Table 1: Image and text classification experiment results in terms of accuracy obtained at different
budget levels (average latency per sample).

Validation of EENet with Comparison: We compare EENet with BranchyNet (Teerapittayanon
et al.,[2016)), MSDNet (Huang et al., 2018)) and PABEE (Zhou et al.| 2020) in terms of the accuracy
obtained under different budget constraints. We consider average latency per sample as the budget
definition throughout the experiments. To this end, we collect results for each method within the
budget range of B € [c1, ck]. Table contains the results on CIFAR-10, CIFAR-100, ImageNet,
SST-2 and AgNews datasets and as demonstrated, EENet consistently performs better compared
to other early exit approaches. For example, consider CIFAR-100 (row 2), the original pre-trained
DenseNet121 with target accuracy of 75.08% has the average inference time of 10.20ms. We set
three levels of early-exit inference time budgets: 7ms, 6.75ms, 6ms. For CIFAR-100 under the low
budget setting with 6 ms, EENet yields 1.45% higher accuracy compared to MSDNet, the second
best performer, and outperforms PABEE by over 9% in accuracy gain, showing that the optimal early
exit policy learned by EENet is more efficient compared to the respective hand-tuned early exit policy
used in BranchyNet, MSDNet and PABEE. In addition, we observe that EENet achieves greater
performance gains as the budget tightens. These observations are consistent over all benchmarks.
In NLP experiments, the performance gains brought by EENet are more significant compared to
the existing methods, with the improvements ranging from 1% (at high budget) to 15% (at low
budget). For example, for SST-2, under the low inference budget of 1.75s, EENet achieves 90.45%
accuracy compared to 84.33% by the second best performing multi-exit approach BranchyNet. Under
the 2s inference budget, EENet achieves 91.45% accuracy compared to 87.71% by the second best
multi-exit approach MSDNet. Similar observations are also found in AgNews, showing EENet offers
more consistent and stable performance improvement for all five benchmarks.

Visual Analysis of Some EENet Design Features: In Figure[3] we analyze through examples to
show why the exit utility scores produced by EENet are more effective in finding optimal early exit
policy by comparing with the maximum prediction scoring method for early exit used in MSDNet and
others in the literature. Randomly selected ten classes are listed on the x-axis sorted by the accuracy
achieved using the full model on the corresponding class. From the left figure, using maximum
prediction scores to determine exit utility may lead to missing some good early exit opportunities.
For example, consider those classes that the predictor model produces relatively low maximum
prediction scores (less than 0.7), such as lizard, man, butterfly and fox. Even though the predictor can
predict them correctly but the relative confidence is not very high. In comparison, EENet defines the
exit utility scoring by combining three quality measures (entropy, maximum prediction confidence
and voting). Hence, the exit utility scores obtained by EENet reflect the easiness of test examples
more accurately. For example, those classes that have lower maximum prediction scores on the true
predictions, such as lizard, man, butterfly and fox, will have high early exit utility scores in EENet
as shown in the right figure highlighted in the blue oval. Similarly, the classes that make the false
prediction with high maximum confidence, such as castle, highlighted in the lower right corner, will
have low exit utility score in EENet. This shows one of the novel features of EENet for learning
optimal early exit policies by leveraging high-quality exit-utility function and ranking under given
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Figure 3: Analysis on the benefit of exit utility scores obtained by EENet, which provides a clearer
separation of true and false predictions for all classes, compared to maximum prediction score based
confidence, which is popularly used in the literature. Images with blue/red borders are predicted
correctly/incorrectly at the first exit of DenseNet121.

Early Exit Method
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Figure 4: Visual comparison of the early exit approaches on CIFAR-100 test data with DenseNet121
(4 exits) for the average latency budget of 6 ms. We illustrate the randomly selected nine samples
from three classes and the exit location that they were assigned. Images with green/red borders
are predicted correctly/incorrectly at the corresponding exit. We also report the number of correct
predictions and exited samples at each exit. In this case, EENet obtains the performance gain by
allowing more samples to exit at the second exit.

accuracy and inference latency budget constraints. Further analysis on CIFAR-100 and AgNews are
provided in Section [B]

FigureE]provides a visual comparison of EENet (right) with MSDNet (left) and BranchyNet (middle)
on CIFAR-100 test data, with four exits of the respective early exit models. The visual comparison is
using the average latency budget of 6 ms (recall Table[T). We use the randomly selected nine examples
from three classes in the test set and display the exit location that they were assigned by EENet
(right) and by MSDNet (left). Images with green/red borders are predicted correctly/incorrectly at the
corresponding exit. We also report the number of correct predictions and the number of exited text
examples at each exit. In this case, EENet obtains the performance gain over MSDNet by allowing
more correct predictions to exit earlier at the second exit.

Ablation Study: We also analyze the effect of different components in EENet on performance by
in-depth investigation of the results for SST-2 and AgNews. Figure[5|provides the plots of average
inference time vs. accuracy for two additional variants of EENet and compares with MSDNet and
BranchyNet. The first variant of EENet shows the results of EENet without optimizing the exit
utility scoring, and instead, directly using maximum prediction scores. The second variant shows the
results of EENet without optimizing exit distributions through our budget-constrained learning, and
instead, directly using geometric distribution. For both SST-2 and AgNews, EENet outperform its
two variants. All three versions of EENet outperforms MSDNet and BranchyNet.
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Figure 5: Average latency (ms) vs Accuracy (%) results at SST-2 and AgNews datasets for
BranchyNet, MSDNet and EENet variations (without distribution/scoring optimization).

Model Exit-1 Exit-2 Exit-3 Exit-4 Exit-5 Base Model
#PRMs #FLOPs | #PRMs #FLOPs | #PRMs #FLOPs | #PRMs #FLOPs | #PRMs #FLOPs | #PRMs #FLOPs
ResNet56 0.06M 55M 028M 112M | 0.96M  156M - - - - 0.86M  126M
(w/ EENet) |(+0.07K) (+0.11K)|(+0.09K) (+0.13K) |(+0.11K) (+0.15K) - - - - - -
DenseNet121| 0.06M 55M 0.25M 94M 0.86M  125M | 1.17M  131M - - 1.04M 126M

(w/EENet) [(+5.25K) (+7.80K)|(+5.36K) (+7.96K)|(+5.47K) (+8.11K)|(+5.57K) (+8.27K)| - - . .
MSDNet35 | 876M 0.61B | 20.15M 143B | 31.73M 2.28B | 41.86M 2.96B | 62.3IM 3.25B |58.70M 3.02B
(w/EENet)  [(+0.25M) (+0.31M)|(+0.25M) (+0.31M)|(+0.25M) (+0.31M)|(+0.25M) (+0.31M)|(+0.25M) (+0.31M)| - -
BERT 45.60M 5.46B | 67.55M 109B | 89.40M 164B |111.26M 21.8B - - |109.90M 20.9B
(w/EENet) | (<200) (<500) | (<200) (<500) | (<200) (<500) | (<200) (<500) - - -

Table 2: Model statistics in terms of number of parameters (#PRMs) and the number of floating point
operations (#FLOPs) until each exit and the base model configuration without early exits. The cost
associated with EENet is also provided in parantheses.

Flexible Deployment on Heterogeneous Edge Clients: EENet by design provides model-agnostic
adaptive early exit inference, applicable to all pre-trained early exit models. Another EENet design
goal is to enable flexible NN splitting by early exits, enabling edge clients with limited resources
to benefit from early exit models. Table [2]reports the number of parameters (#PRMs) and number
of floating point operations (#FLOPs) of the models used in the experiments until each exit for four
multi-exit DNNs. For each model, we also provide the additional computational cost of EENet in
employing the budgeted adaptive early exit policy. First, the increase of #FLOPs caused by EENet is
negligible (< 0.5%) compared to the cost of the forward pass of the original pre-trained DNN model.
For the application scenarios with hard constraints (storage/RAM limitations) for edge deployment,
the partial multi-exit model with EENet split at a certain exit can be delivered, with the partial model
size meeting the edge deployment constraints. For this subnetwork with EENet, those test examples
with exit utility score below the learned exit threshold will be passed to the next level edge server in
the hierarchical edge computing infrastructure, which has higher computational capacity to continue
the multi-exit inference.

5 CONCLUSION

We have presented EENet, a novel, lightweight and model-agnostic early exit policy optimization
framework for budgeted adaptive inference. The paper makes a number of original contributions.
First, our approach introduces early exit utility scoring function which combines a set of compli-
mentary early exit confidence measures and class-wise prediction scores. Second, we optimize the
assignment of test data samples to different exits by learning the optimal early exit distribution and
the adaptive thresholds for test-time early exit scheduling. As opposed to previous manually defined
heuristics-based early exit techniques, which may be suboptimal based on the specific multi-exit
DNN architecture, our approach is model-agnostic and can easily be used in different learning tasks
with pre-trained DNN models in vision and NLP applications. Extensive experiments on five bench-
marks (CIFAR-10, CIFAR-100, ImageNet, SST-2, AgNews) demonstrate that EENet consistently
outperforms the existing representative techniques represented by MSDNet, BranchyNet, PABEE,
and the performance improvements get more significant as the given average latency budget per
sample tightens. Lastly, our ablation study and visual analysis further demonstrate the effects of core
components of EENet design.
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A ADAPTIVE INFERENCE ALGORITHM WITH EARLY EXITS

Algorithm 2 Early Exit Inference Algorithm

1: Inputs: x (test input sample), { f }<_, (predictor functions), {gx } X, (early exit utility score
estimator functions), ¢ (early exit thresholds)

2: Output: g (predicted label)

3: for exit index k = 1 to K do

4:  Obtain predictor model output: gy, < fi(x)

5:  Compute exit score g with gj using equation 9]
6: if g, > t; then

7 Uk — arg max g

8: return gy

9: return §x

B EXIT DISTRIBUTION BEHAVIOR ANALYSIS ON CIFAR-100 AND AGNEWS

Here, we visualize the exit distribution behavior of EENet on CIFAR-100 under different average
latency budget levels (6ms, 6.5ms, 7ms, 8ms). In the scatter plots provided in Figures[6] [7] [§|and [9} at
each exit, we plot the validation samples with x-axis the class of the sample and y-axis the exit utility
score. Green/red color represents correct/incorrect predictions at the corresponding exit whereas
yellow cross marker is used to indicate that the sample has already exited. Computed thresholds are
drawn using horizontal blue lines and the percentages of exiting samples are provided in subplot titles.
We also analyze the results on AgNews by comparing the exit assignments by MSDNet, BranchyNet
and EENet in Figure[T0]
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Figure 6: Distribution of samples to different exits under the average latency budget of 6 milliseconds.
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Figure 7: Distribution of samples to different exits under the average latency budget of 6.5 millisec-
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Figure 8: Distribution of samples to different exits under the average latency budget of 7 milliseconds.
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