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ABSTRACT

A fundamental challenge for multi-task learning is that different tasks may con-
flict with each other when they are solved jointly, and a cause of this phenomenon
is conflicting gradients during optimization. Recent works attempt to mitigate the
influence of conflicting gradients by directly altering the gradients based on some
criteria. However, our empirical study shows that “gradient surgery” cannot ef-
fectively reduce the occurrence of conflicting gradients. In this paper, we take a
different approach to reduce conflicting gradients from the root. In essence, we
investigate the task gradients w.r.t. each shared network layer, select the layers
with high conflict scores, and turn them to fask-specific layers. Our experiments
show that such a simple approach can greatly reduce the occurrence of conflict-
ing gradients in the remaining shared layers and achieve better performance, with
only a slight increase in model parameters in many cases. Our approach can be
easily applied to improve various state-of-the-art methods including gradient ma-
nipulation methods and branched architecture search methods. Given a network
architecture (e.g., ResNet18), it only needs to search for the conflict layers once,
and the network can be modified to be used with different methods on the same
or even different datasets to gain performance improvement. The source code is
available at https://github.com/moukamisama/Recon.

1 INTRODUCTION

Multi-task learning (MTL) is a learning paradigm in which multiple different but correlated tasks
are jointly trained with a shared model (Caruanal |1997), in the hope of achieving better performance
with an overall smaller model size than learning each task independently. By discovering shared
structures across tasks and leveraging domain-specific training signals of related tasks, MTL can
achieve efficiency and effectiveness. Indeed, MTL has been successfully applied in many domains
including natural language processing (Hashimoto et al.l 2017), reinforcement learning (Parisotto
et al.,[2016; |D’Eramo et al.,|2020) and computer vision (Vandenhende et al., 2021).

A major challenge for multi-task learning is negative transfer (Ruder, 2017), which refers to the
performance drop on a task caused by the learning of other tasks, resulting in worse overall perfor-
mance than learning them separately. This is caused by task conflicts, i.e., tasks compete with each
other and unrelated information of individual tasks may impede the learning of common structures.
From the optimization point of view, a cause of negative transfer is conflicting gradients (Yu et al.,
2020), which refers to two task gradients pointing away from each other and the update of one task
will have a negative effect on the other. Conflicting gradients make it difficult to optimize the multi-
task objective, since task gradients with larger magnitude may dominate the update vector, making
the optimizer prioritize some tasks over others and struggle to converge to a desirable solution.

Prior works address task/gradient conflicts mainly by balancing the tasks via task reweighting or
gradient manipulation. Task reweighting methods adaptively re-weight the loss functions by ho-
moscedastic uncertainty (Kendall et al., 2018), balancing the pace at which tasks are learned |(Chen
et al.| (2018); [Liu et al.| (2019), or learning a loss weight parameter (Liu et al., [2021b). Gradient
manipulation methods reduce the influence of conflicting gradients by directly altering the gradients
based on different criteria (Sener & Koltun, 2018; [Yu et al., 2020; |(Chen et al., [2020; [Liu et al.,
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2021a)) or rotating the shared features (Javaloy & Valeral, [2022). While these methods have demon-
strated effectiveness in different scenarios, in our empirical study, we find that they cannot reduce
the occurrence of conflicting gradients (see Sec. [3.3|for more discussion).

We propose a different approach to reduce conflicting gradients for MTL. Specifically, we investi-
gate layer-wise conflicting gradients, i.e., the task gradients w.r.t. each shared network layer. We first
train the network with a regular MTL algorithm (e.g., joint-training) for a number of iterations, com-
pute the conflict scores for all shared layers, and select those with highest conflict scores (indicating
severe conflicts). We then set the selected shared layers task-specific and train the modified network
from scratch. As demonstrated by comprehensive experiments and analysis, our simple approach
Recon has the following key advantages: (1) Recon can greatly reduce conflicting gradients with
only a slight increase in model parameters (less than 1% in some cases) and lead to significantly bet-
ter performance. (2) Recon can be easily applied to improve various gradient manipulation methods
and branched architecture search methods. Given a network architecture, it only needs to search for
the conflict layers once, and the network can be modified to be used with different methods and even
on different datasets to gain performance improvement. (3) Recon can achieve better performance
than branched architecture search methods with a much smaller model.

2 RELATED WORKS

In this section, we briefly review related works in multi-task learning in four categories: tasks clus-
tering, architecture design, architecture search, and task balancing. Tasks clustering methods mainly
focus on identifying which tasks should be learned together (Thrun & O’Sullivan,|1996;|Zamir et al.,
2018 Standley et al.,|2020; |Shen et al., 2021} [Fifty et al., 2021)).

Architecture design methods include hard parameter sharing methods (Kokkinos| 2017; Long et al.,
2017; |Bragman et al.,|2019), which learn a shared feature extractor and task-specific decoders, and
soft parameters sharing methods (Misra et al., [2016} |[Ruder et al., 2019; (Gao et al., [2019} [2020; |[Liu
et al., |2019), where some parameters of each task are assigned to do cross-task talk via a sharing
mechanism. Compared with soft parameters sharing methods, our approach Recon has much better
scalability when dealing with a large number of tasks.

Instead of designing a fixed network structure, some methods (Rosenbaum et al., 2018; Meyerson &
Miikkulainen, 2018} |Yang et al., 2020) propose to dynamically self-organize the network for differ-
ent tasks. Among them, branched architecture search (Guo et al., [2020; |Bruggemann et al., [2020)
methods are more related to our work. They propose an automated architecture search algorithm to
build a tree-structured network by learning where to branch. In contrast, our method Recon decides
which layers to be shared across tasks by considering the severity of layer-wise conflicting gradients,
resulting in a more compact architecture with lower time cost and better performance.

Another line of research is task balancing methods. To address task/gradient conflicts, some meth-
ods attempt to re-weight the multi-task loss function using homoscedastic uncertainty (Kendall et al.,
2018), task prioritization (Guo et al., 2018), or similar learning pace (Liu et al., 2019} 2021b).
GradNorm (Chen et al.l [2018) learns task weights by dynamically tuning gradient magnitudes.
MGDA (Sener & Koltun, 2018)) find the weights by minimizing the norm of the weighted sum
of task gradients. To reduce the influence of conflicting gradients, PCGrad (Yu et al.,|2020) projects
each gradient onto the normal plane of another gradient and uses the average of projected gradi-
ents for update. Graddrop (Chen et al.,|2020) randomly drops some elements of gradients based on
element-wise conflict. CAGrad (Liu et al., 2021a) ensures convergence to a minimum of the aver-
age loss across tasks by gradient manipulation. RotoGrad (Javaloy & Valera, [2022) re-weights task
gradients and rotates the shared feature space. Instead of manipulating gradients, our method Recon
leverages gradient information to modify network structure to mitigate task conflicts from the root.

3 P1LOT STUDY: TASK CONFLICTS IN MULTI-TASK LEARNING

3.1 MULTI-TASK LEARNING: PROBLEM DEFINITION

Multi-task learning (MTL) aims to learn a set of correlated tasks {7;}7_; simultaneously. For each
task 7;, the empirical loss function is £;(0sy, 0;), where 6y, are parameters shared among all tasks
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Figure 1: The distributions of gradient conflicts (in terms of cos ¢;;) of the joint-training baseline
and state-of-the-art gradient manipulation methods on Multi-Fashion+MNIST benchmark.

and 0; are task-specific parameters. The goal is to find optimal parameters § = {0y, 01,02, , 07}
to achieve high performance across all tasks. Formally, it aims to minimize a multi-task objective:

= argmmel (Osn, 0:), (1)

where w; are pre-defined or dynamically computed weights for different tasks. A popular choice is
to use the average loss (i.e., equal weights). However, optimizing the multi-task objective is difficult,
and a known cause is conflicting gradients.

3.2 CONFLICTING GRADIENTS

Letg; = Vg, Li(0sn, 0;) denote the gradient of task 7; w.r.t. the shared parameters 64, (i.e., a vector
of the partial derivatives of £; w.r.t. 6s,) and g!* = Vy,L;(0sn,0;) denote the gradient w.r.t. the
task-specific parameters ;. A small change of gy, in the direction of negative g; is 0y, < 01, — g,
with a sufficiently small step size «.. The effect of this change on the performance of another task 7;
is measured by:

AL; = L;j(0sh — agi,0;) — L;(0sn,0;) = —agi - g; + o(a), )

where the second equality is obtained by first order Taylor approximation. Likewise, the effect of a
small update of 6, in the direction of the negative gradient of task 7; (i.e., —g;) on the performance
of task 7; is AL; = —ag; - g; + o(«a). Notably, the model update for task 7; is considered to have
a negative effect on task 7; when g, - g; < 0, since it increases the loss of task 7;, and vice versa.
A formal definition of conflicting gradients is given as follows (Yu et al.| [2020).

Definition 1 (Conflicting Gradients). The gradients g; and g;(i # j) are said to be conflicting with
each other if cos ¢;; < 0, where ¢;; is the angle between g; and g;.

As shown in|Yu et al.| (2020), conflicts in gradient pose serious challenges for optimizing the multi-
task objective (Eq. Using the average gradient (i.e., % ZiTzl g;) for gradient decent may hurt the
performance of individual tasks, especially when there is a large difference in gradient magnitudes,
which will make the optimizer struggle to converge to a desirable solution.

3.3 GRADIENT SURGERY CANNOT EFFECTIVELY REDUCE CONFLICTING GRADIENTS

To mitigate the influence of conflicting gradients, several methods (Yu et al., 2020} |Chen et al.,
2020; [Liu et al.| 2021a) have been proposed to perform “gradient surgery”. Instead of following
the average gradient direction, they alter conflicting gradients based on some criteria and use the
modified gradients for model update. We conduct a pilot study to investigate whether gradient ma-
nipulation can effectively reduce the occurrence of conflicting gradients. For each training iteration,
we first calculate the task gradients of all tasks w.r.t. the shared parameters (i.e., g; for any task 7)
and compute the conflict angle between any two task gradients g; and g; in terms of cos¢;;. We
then count and draw the distribution of cos¢;; in all training iterations. We provide the statistics of
the joint-training baseline (i.e., training all tasks jointly with equal loss weights and all parameters
shared) and several state-of-the-art gradient manipulation methods including GradDrop (Chen et al.}
2020), PCGrad (Yu et al., 2020), CAGrad (Liu et al.| [2021a), and MGDA (Sener & Koltunl, 2018))
on Multi-Fashion+MNIST (Lin et al., [2019), CityScapes, NYUv2, and PASCAL-Context datasets.
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Figure 2: Illustration of the differences between joint-training, gradient manipulation, and our ap-
proach. (a) In joint-training, the update vector (in green) is the average gradient %(gZ + g;). Due
to the conflict between g; and g;, the update vector is dominated by g; (in red). (b) PCGrad (Yu
et al., 2020) projects each gradient onto the normal plane of the other one and uses the average of
the projected gradients (indicated by dashed grey arrows) as the update vector (in green). As such,
the update vector is less dominated by g;. (c) Our approach Recon finds the parameters contributing
most (e.g., 3) to gradient conflicts and turns them into task specific ones. In effect, it performs an
orthographic/coordinate projection of conflicting gradients to the space of the rest parameters (e.g.,
61 and 65) such that the projected gradients gf* and gjﬁx are better aligned. (d) Illustration of Recon
turning a shared layer with high conflict score to task-specific layers.

The results are provided in Fig. [I] Fig.[5] Fig.[6l Fig.[7] Table[6] and Tables [S{I0] It can be seen
that gradient manipulation methods can only slightly reduce the occurrence of conflicting gradients
(compared to joint-training) in some cases, and in some other cases they even increase it.

4 OUR APPROACH: REDUCING CONFLICTING GRADIENTS FROM THE ROOT

Our pilot study shows that adjusting gradients for model update cannot effectively prevent the oc-
currence of conflicting gradients in MTL, which suggests that the root causes of this phenomenon
may be closely related to the nature of different tasks and the way how model parameters are shared
among them. Therefore, to mitigate task conflicts for MTL, in this paper, we take a different ap-
proach to reduce the occurrence of conflicting gradients from the root.

4.1 RECON: REMOVING LAYER-WISE CONFLICTING GRADIENTS

Our approach is extremely simple and intuitive. We first identify the shared network layers where
conflicts occur most frequently and then turn them into task-specific parameters. Suppose the shared

model parameters 6y, are composed of n layers, i.e., Os, = {Oéﬁ)}zzl, where Géﬁ) is the &'I shared

layer. Let g(k gk)

§ is a vector

of the partial derivatives of £; w.r.t. the parameters of 95{?). Let ¢§f) denote the angle between ggk)

) denote the gradient of task 7; w.r.t. the kth shared layer Giﬁ), ie., g

and g§-k). We define layer-wise conflicting gradients and S-conflict score as follows.

(k) (k

Definition 2 (Layer-wise Conflicting Gradients). The gradients g, and g; ) (i # j) are said to be

conflicting with each other if cos qﬁg) < 0.

Definition 3 (S-Conflict Score). For any —1 < S < 0, the S-conflict score for the k' shared layer
is the number of different pairs (i, ) (i # j) s.t. cos ¢£f) < S, denoted as s™*).

S indicates the severity of conflicts, and setting S smaller means we care about cases of more severe
conflicts. The S-conflict score s(*) indicates the occurrence of conflicting gradients at severity level
S for the k*" shared layer. If s*) = (g), it means that for any two different tasks, there is a conflict
in their gradients w.r.t. the k*" shared layer. By computing S-conflict scores, we can identify the
shared layers where conflicts occur most frequently.

We describe our method Recon in Algorithm E} First, we train the network for I iterations and
compute S-conflict scores for each shared layer #(%) in every iteration, denoted by { sz(»k) I_|. Then,
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Algorithm 1: Recon: Removing Layer-wise Conflicting Gradients

Input: Model parameters 6, learning rate «, a set of tasks {7;}_;, number of iterations I for
computing conflict scores, conflict severity level .S, number of selected layers K.
// Train the network and compute conflict scores for all layers
for iteration i=1,2,..., I do
fori=1,2,...,Tdo
Compute the gradients of task 7; w.r.t. all shared layers, i.e., {g } bt s
end

Calculate the S-conflict scores for all shared layers in the current iteration, i.e., { sl(»k) 1
Update 6 with joint-training or any gradient manipulation method ;
end

// Set layers with top conflict scores task-specific
R ON

For each layer k, calculate the sum of S-conflict scores in all iterations, i.e., sk = ZZ 18 s

Select the top K layers with highest s(*) and set them task-specific;

// Train the modified network from scratch
for iterationi =1, 2, ... do
| Update 6 with joint-training or any gradient manipulation method;
end
Output: Model parameters 6.

we sum up the scores in all iterations, i.e., s(*) = Zle sl(-k), and find the layers with highest s(*)

scores. Next, we set these layers to be task-specific and train the modified network from scratch. We
demonstrate the effectiveness of Recon by a theoretical analysis in Sec. and comprehensive ex-
periments in Sec.[5] The results show that Recon can effectively reduce the occurrence of conflicting
gradients in the remaining shared layers and lead to substantial improvements over state-of-the-art.

4.2 THEORETICAL ANALYSIS

Here, we provide a theoretical analysis of Recon. Let 6y, = {9?1’1‘, 9§fl} where 05;‘ are the remaining
shared parameters, and Osli are those that will be turned to task-specific parameters 65, 05, - - - 6St.
Notice that 6<F, 6SE, - - - ,955 will all be initialized with 051 Therefore, after applying Recon, the
model parameters are 6, = {05 g5t . O gt . 6L}, An one-step gradient update of 6, is:

T
O =05 —a> wigl, 0 =0 —agd, 0F=0"—oagh i=1..7 3

where w; are weight parameters, gf»s = VgL, gff = Vgcfﬁ L; and gf‘x = V(,giﬁ(ﬁi. Notice that
different methods such as joint-training, MGDA |Sener & Koltun/(2018), PCGrad |Yu et al.| (2020),
and CAGrad|Liu et al.| (2021a) choose different w; dynamically.

Without applying Recon, the model parameters are 6 = {05 6L gt ... 0%}, An one-step gradi-

ent update of @ is given by

T
glix = glix — aZwig?x, 6% = gcf — aszg 0 =0 —agl®, i=1,....,7. 4

After the one-step updates, the loss functions with the updated parameters 6, and 0 respectively are:

ZL (05,657, , and, £( Z,c (05,658, 0). 5)

where £; is the loss function of task 7;. Denote the set of indices of the layers turned task-specific
by P, then 05 = {G(k)} k € P. Assume that 3", w; = 1, then we have the following theorem.
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Table 1: Multi-task learning results on Multi-Fashion+MNIST dataset. All experiments are repeated
over 3 random seeds and the mean values are reported. Am% denotes the average relative improve-
ment of all tasks. #P denotes model size (MB). The grey cell color indicates that Recon improves
the result of the base model. The best average result is marked in bold.

Method | Single-task  RotoGrad BMTAS | Joint-train  w/ Recon | MGDA  w/Recon | PCGrad  w/Recon | GradDrop ~w/Recon | CAGrad w/Recon | MMoE  w/Recon

TI1 Acct 98.37 98.10 98.20 97.42 98.13 95.19 98.33 97.37 98.30 97.38 98.25 97.47 98.28 98.27 98.25
T2 Acct 89.63 88.25 89.71 88.82 89.26 89.46 89.28 88.68 89.77 88.57 89.51 88.85 89.65 89.51 89.67
Am%t - -0.91 -0.04 -0.94 -0.33 -1.71 -0.22 -1.04 0.04 -1.10 -0.13 -0.90 -0.04 -0.12 -0.04

#P. 85.62 42.81 85.61 42.81 4343 42.81 4343 42.81 4343 42.81 4343 42.81 4343 85.62 105.70

Table 2: Multi-task learning results on CelebA dataset. All experiments are repeated over 3 random
seeds and the mean values are reported. Am% denotes the average relative improvement of all tasks.
#P denotes model size (MB). The grey cell color indicates that Recon improves the result of the base
model. The best average result is marked in bold.

Method Single-task | Joint-train  w/Recon | CAGrad w/Recon | Graddrop w/Recon | PCGrad w/Recon
Average Error 8.38 8.33 8.22 8.31 8.23 8.33 8.20 8.64 8.36
Am% T - 0.55 1.92 0.79 1.74 0.23 2.13 -3.14 0.24
#P. 1706.03 43.26 68.03 43.26 68.03 43.26 68.03 43.26 68.03

Theorem 4.1. Assume that L is differentiable and for any two different tasks T; and T;, it satisfies

k k k
cos oy eIl < llg{ll, vk e P ©
then for any sufficiently small learning rate o > 0,

£(6,) < L(6). (7)

The theorem indicates that a single gradient update on the model parameters of Recon achieves
lower loss than that on the original model parameters. The proof is provided in Appendix [A]

5 EXPERIMENTS

In this section, we conduct extensive experiments to evaluate our approach Recon for multi-task
learning and demonstrate its effectiveness, efficiency and generality.

5.1 EXPERIMENTAL SETUP

Datasets. We evaluate Recon on 4 multi-task datasets, namely Multi-Fashion+MNIST (Lin et al.,
2019), CityScapes (Cordts et al., 2016), NYUv2 (Couprie et al., 2013), PASCAL-Context (Mot-
taghi et al.|[2014), and CelebA (Liu et al.,2015). The tasks of each dataset are described as follows.
1) Multi-Fashion+MNIST contains two image classification tasks. Each image consists of an item
from FashionMNIST and an item from MNIST. 2) CityScapes contains 2 vision tasks: 7-class se-
mantic segmentation and depth estimation. 3) NYUv2 contains 3 tasks: 13-class semantic segmen-
tation, depth estimation and normal prediction. 4) PASCAL-Context consists of 5 tasks: semantic
segmentation, human parts segmentation and saliency estimation, surface normal estimation, and
edge detection. 5) CelebA contains 40 binary classification tasks.

Baselines. The baselines include 1) single-task learning (single-task): training all tasks indepen-
dently; 2) joint-training (joint-train): training all tasks together with equal loss weights and all
parameters shared; 3) gradient manipulation methods: MGDA (Sener & Koltun, [2018)), PCGrad (Yu
et al.,[2020), GradDrop (Chen et al.|[2020), CAGrad (Liu et al.|[2021a)), RotoGrad (Javaloy & Valera,
2022)); 4) branched architecture search methods: BMTAS (Bruggemann et al., [2020); 5) Architec-
ture design methods: Cross-Stitch (Misra et al., 2016), MMoE (Ma et al.l 2018). Following [Liu
et al.|(2021a), we implement Cross-Stitch based on SegNet (Badrinarayanan et al.,|2017). For a fair
comparison, all methods use same configurations and random seeds. We run all experiments 3 times
with different random seeds. More experimental details are provided in Appendix [B]

Relative task improvement. Following [Maninis et al.| (2019), we compute the relative task im-
provement with respect to the single-task baseline for each task. Given a task 7;, the relative task
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Table 3: Multi-task learning results on CityScapes dataset. o
All experiments are repeated over 3 random seeds and the
mean values are reported. Am% denotes the average rel-
ative improvement of all tasks. #P denotes the model size
(MB). The grey cell color indicates that Recon improves the P
result of the base model. The best average result is marked K
in bold. (@)
Segmentation Depth

Method (Higher Better) (Lower Better) Am% 1 #P.
mloU Pix Acc Abs Err  Rel Err

—— Mm%

Performance

|
e

Performance

Single-task 7436 93.22 0.0128  29.98 190.59 w02
Cross-Stitch  74.05  93.17 0.0162 116.66  -79.04  190.59 ~03
RotoGrad 7338 9297 0.0147 8231 -47.81  103.43 — am%

-015 —~0.10 —0.05 0.00
S

(b)

Joint-train 74.13  93.13 0.0166  116.00 -79.32  95.43
w/ Recon 7417  93.21 0.0136  43.18 -12.63  108.44

MGDA 70.74  92.19 0.0130  47.09 -16.22 95.43
w/ Recon 71.01 9217 0.0129 3341 -4.46 108.44

Graddrop 7408 9308 00173 11579 8048 9543  Figure 3t The performance of
w/ Recon 7417 9311 00134 4137  -1069 10844 CAGrad combined with Recon on

PCGrad 7398 9308 002 11450 -7839 9543  the Multi-Fashion+MNIST bench-
w/ Recon 7418 93.14 00136 46.02  -14.92 | 10844  mark with (a) different number of se-
CAGrad 73.81 9302 00153 8829 -53.81 9543  lected layers K (b) different severity

w/ Recon 74.22 93.10 0.0130 38.27 -7.38 108.44 value S for computing conflict scores.

improvement is Amy, = & Y21 (—1)%(M; — S;)/S;, where M;, S; refer to metrics for the i™ cri-
terion obtained by objective model and single-task model respectively, [; = 1 if a lower value for the
criterion is better and 0 otherwise. The average relative task improvement is Am = % erzl Amr,.

5.2 COMPARISON WITH THE STATE-OF-THE-ART

Recon improves the performance of all base models. The main results on Multi-Fashion+MNIST,
and CelebA, CityScapes, PASCAL-Context, and NYUV2, are presented in Table[I] Table 2] Table[3]
Table [] and Table [5] respectively. (1) Compared to gradient manipulation methods, Recon consis-
tently improves their performance in most evaluation metrics, and achieve comparable performance
on the rest of evaluation metrics. (2) Compared with branched architecture search methods and
architecture design methods, Recon can further improve the performance of BMTAS and MMoE.
Besides, Recon combined with other gradient manipulation methods with small model size can
achieve better results than branched architecture search methods with much bigger models.

Small increases in model parameters can lead to good performance gains. Note that Recon
only changes a small portion of shared parameters to task-specific. As shown in Table [T}f5] Re-
con increases the model size by 0.52% to 57.25%. Recon turns 1.42%, 1.46%, 12.77%, 0.26%,
9.80% shared parameters to task-specific on Multi-Fashion+MNIST, CelebA, CityScapes, NYUv2
and PASCAL-Context respectively. The results suggest that the gradient conflicts in a small portion
(Iess than 13%) of shared parameters impede the training of the model for multi-task learning.

Recon is compatible with various neural network architectures. We use ResNetl18 on Multi-
Fashion+MNIST, SegNet (Badrinarayanan et al.| | 2017) on CityScapes, MTAN (Liu et al.l 2019) on
NYUv2, and MobileNetV2 (Sandler et al., [2018) on PASCAL-Context. Recon improves the per-
formance of baselines with different neural network architectures, including the architecture search
method BMTAS (Bruggemann et al., 2020) which finds a tree-like structure for multi-task learning.

Only one search of conflict layers is needed for the same network architecture. An interesting
observation from our experiments is that network architecture seems to be the deciding factor for
the conflict layers found by Recon. With the same network architecture (e.g., ResNet18), the found
conflict layers are quite consistent w.r.t. (1) different training stages (e.g., the first 25% iterations,
or the middle or last ones) (see Table[T2]and Table [[3] and discussion in Appendix [C), (2) different
MTL methods (e.g., joint-training or gradient manipulation methods) (see Table [T4] and discussion
in Appendix|[C), and (3) different datasets (see Table[I5]and Table[I6]and discussion in Appendix|[C).
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Table 4: Multi-task learning results on PASCAL-Context dataset with 4-task setting. All exper-
iments are repeated over 3 random seeds and the mean values are reported. Am% denotes the
average relative improvement of all tasks. #P denotes the model size (MB). The grey cell color
indicates Recon improves the result of the base model. The best average result is marked in bold.

SemSeg PartSeg saliency Surface Normal

. . Angle Distance Within ¢°
Method  (Higher Better)  (Lower Betier)  (Higher Beter) (0 Betior)  (Higher Better) Am% 1 #P

mloU Pix Acc mloU Pix Acc mloU Mean Median 11.25 22.5
Single-task  65.00  90.53  59.59  92.61 65.61 1455 1236  46.51 81.29 30.09
Joint-train ~ 64.06  90.45 57.91 92.17 62.71 1640 1423 3938 7593 -4.82 8.04
w/ Recon 64.73 9050 59.00 9244 66.17 1499 12.68 44.82 80.11 -0.66 10.20
MGDA 46.05 86.62 5482 91.39 64.76 1577 1354 4198 77.82 -7.67 8.04
w/ Recon 55.82 87.73  56.31 91.67 64.91 15.12  12.88 4436 79.81 -4.14 10.20
PCGrad 63.91 9045  58.01 92.19 63.09 16.34 1419  39.62 76.06 -4.59 8.04
w/ Recon 65.02 9045 5922 9246 66.14 1495 1273 4496 80.22 -0.55 10.20
Graddrop 64.14 9034 57.62 92.12 62.64 1646 1428 39.29 75.71 -5.00 8.04
w/ Recon 6448 9045 59.08 9246 66.23 1494 1272 4503 80.25 -0.63 10.20
CAGrad 63.37  90.17 5749  92.07 64.16 16.30 14.12 39.80 76.23 -4.37 8.04
w/ Recon 64.60 9040 59.27 9247 65.67 1492 1271  45.10 80.33 -0.76 10.20
BMTAS 64.890 9044 5887 9236 63.42 1566 1344 4229 78.14 -2.89 15.18
w/ Recon 64.78 9046 5996  92.58 65.96 1474 1257 45.62 80.84 -0.19 16.83

Table 5: Multi-task learning results on NYUv2 dataset with MTAN as backbone. All experiments
are repeated over 3 random seeds and the mean values are reported. Am% denotes the average
relative improvement of all tasks. #P denotes the model size (MB). The grey cell color indicates that
Recon improves the result of the base model. The best average result is marked in bold.

Segmentation Depth Surface Normal

. Angle Distance Within ¢°
Method (Higher Better) (Lower Better) (Lower Better) (Higher Better) Am% T #P.
mloU Pix Acc AbsErr RelErr Mean Median 11.25 22.5 30

Single-task ~ 38.67  64.27 0.6881  0.2788  24.87 18.99 3043 57.81 69.70 285.88
Cross-Stitch 4045 66.15 0.5051 0.2134 2758 23.00 2469 4947 62.36 4.16 285.88

Joint-train 3948  65.23 0.5491 0.2235 27.87 2376 22.68 4791 61.58 0.75 168.72
w/ Recon 39.54  65.20 0.5312 0.2234 26,55 2140 2653 52.60 65.31 4.14 169.59

MGDA 29.28  60.30 0.6027 0.2515 24.89 1932 2985 57.18 69.38 -2.26 168.72
w/ Recon 3282  61.26 0.5884 0.2295 25.17 1972 28.18 5649 68.96 0.53 169.59

Graddrop 38.70  64.97 0.5565 0.2333  27.41 23.00 2379 4945 62.87 0.49 168.72
w/ Recon 40.14  66.08 0.5265 0.2241 26,51 2145 2651 5248 65.26 4.67 169.59

PCGrad 38.55  65.07 0.54 0.23 26.90 2205 2498 5136 64.41 2.02 168.72
w/ Recon 38.61 6548 0.5350 0.2271 26.31 21.11 2690 5321 6595 3.87 169.59
CAGrad 39.89  66.47 0.5496 0.2281 2636 2147 2550 52.68 65.90 3.74 168.72

w/ Recon 3992 66.07 0.5320 0.2200 2580 20.59 27.60 5431 67.05 5.80 169.59

Hence, in our experiments, we only search for the conflict layers once with the joint-training baseline
in the first 25% training iterations and modify the network to improve various methods on the same
dataset. We also find that the conflict layers found on one dataset can be used to modify the network
to be directly applied on another dataset to gain performance improvement.

5.3 ABLATION STUDY AND ANALYSIS

Recon greatly reduces the occurrence of conflicting gradients. In Fig.[d]and Table[6] we compare
the distribution of cos ¢;; before and after applying Recon on Multi-Fashion+MNIST (the results on
other datasets are provided in Appendix [C). It can be seen that Recon greatly reduces the numbers
of gradient pairs with severe conflicts (cos¢;; € (—0.01,—1]) by at least 67% and up to 79%
when compared with joint-training, while gradient manipulation methods only slightly reduce the
percentage and some even increases it. Similar observations can be made from Tables

Randomly selecting conflict layers does not work. To show that the performance gain of Re-
con comes from selecting the layers with most severe conflicts instead of merely increasing model
parameters, we further compare Recon with the following two baselines. RSL: randomly selecting
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Figure 4: The distribution of gradient conflicts (in terms of cos ¢;;) of baselines and baselines with
Recon on Multi-Fashion+MNIST dataset.

Table 6: The distribution of gradient conflicts (in terms of cos ¢;;) w.r.t. the shared parameters on
Multi-Fashion+MNIST dataset. “Reduction” means the percentage of conflicting gradients in the
interval of (—0.01, —1.0] reduced by the model compared with joint-training. The grey cell color
indicates Recon greatly reduces the conflicting gradients (more than 50%). In contrast, gradient
manipulation methods only slightly decrease their occurrence, and some method even increases it.

cos ¢y | Joint-train  w/RSL  w/RSP  w/Recon | MGDA ~ w/Recon | Graddrop ~w/Recon | PCGrad w/Recon | CAGrad ~ w/ Recon
[1.0,0) 56.56 53.44 58.15 58.53 56.06 56.50 57.26 57.61 56.72 57.75 56.18 59.06
(0,-0.01] 31.25 27.35 34.33 37.67 32.36 40.93 31.06 38.28 31.19 38.76 31.25 37.84
(-0.01, -0.02] 9.26 13.45 6.38 3.04 8.87 2.12 8.93 3.32 9.09 2.87 9.37 2.44
(-0.02, -0.03] 2.05 4.18 0.8 0.5 1.71 0.26 1.72 0.54 1.90 0.42 2.00 0.41
(-0.03, -1.0] 1.25 1.58 0.34 0.25 1.0 0.18 1.03 0.26 1.10 0.2 1.20 0.25
Reduction (%) ‘ - -52.94 40.13 69.82 ‘ 7.80 79.62 ‘ 7.01 67.20 ‘ 3.74 7221 ‘ -0.08 75.32

Table 7: Comparison of Recon with RSL and RSP. PD: performance drop compared to Recon.

CAGrad PCGrad
Seed w/RSL  w/RSP  w/Recon Task 1 Task2 4 Task 1 Task2 p
Acct  PD Acct  PD Acct  PD  Acct PD

9760 0.68 6439 2526 73.02 9743 0.87 6557 2421 73.02
97.11 118 87.61 2.04 83.63 9492 339 8731 246 83.63
9462 3.66 87.68 196 7633 9290 540 8741 236 7633
97.11 118 8557 4.07 5225 9693 138 8816 1.62 5225
97.81 047 8828 136 5196 97.63 0.68 8855 122 51.96
81.18 17.10 7656 13.09 4750 88.71 9.59 8451 527 4750
v 98.28 0 89.65 0 4342 9830 0 89.77 0 43.42

AN

o= o —
ANANAN

same number of layers as Recon and set them task-specific. RSP: randomly selecting similar amount
of parameters as Recon and set them task-specific. The results in Table [7] show that both RSL and
RSP lead to significant performance drops, which verifies the effectiveness of the selection strategy
of Recon. We compare Recon with the baselines that selects the first or last K layers in Appendix[C}

Ablation study on hyperparameters. We study the influence of the conflict severity S and the
number of selected layers K on the performance of CAGrad w/ Recon on Multi-Fashion+MNIST.
As shown in Fig.[3] a small K leads to a significant performance drop, which indicates that there are
still some shared network layers suffering from severe gradient conflicts, while a large K will not
lead to further performance improvement since severe conflicts have been resolved. For the conflict
severity .S, we find that a high value of S (e.g., 0.0) leads to performance drops since it includes
too many gradient pairs with small conflicts, while some of them are helpful for learning common
structures and should not be removed. In the meantime, a too small S (e.g., —0.15) also leads to
performance degradation because it ignores too many gradient pairs with large conflicts, which may
be detrimental to learning. While K and S are sensitive, we may only need to tune them once for a
given network architecture, as discussed in Sec.[5.2]

6 CONCLUSION

We have proposed a very simple yet effective approach, namely Recon, to reduce the occurrence of
conflicting gradients for multi-task learning. By considering layer-wise gradient conflicts and iden-
tifying the shared layers with severe conflicts and setting them task-specific, Recon can significantly
reduce the occurrence of severe conflicting gradients and boost the performance of existing meth-
ods with only a reasonable increase in model parameters. We have demonstrated the effectiveness,
efficiency, and generality of Recon via extensive experiments and analysis.
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A PROOF OF THEOREM

Theorem A.1. Assume that L is differentiable and for any two different tasks T; and T;, it satisfies

cos o) llgf”ll < llgf”ll. vk eP ®)
then for any sufficiently small learning rate o > 0,
L(0,) < L(6). )
Proof. We consider the first order Taylor approximation of £;. For normal update, we have
; (05,658, 0) =i (085, 058, 0) + (855 — 057 T (10)
+ (05 — 0ch) TSt + (0% — 0%) Tgt® + o(a). (11)
For Recon update, we have
i (05, 025,01) =i (05, 058, 0%) + (0% — 05 el (12)
+ (057 = 05) Te" + (0 — 07°) Tl + o). (13)
The difference between the two loss functions after the update is
i (05,057,01) — £: (05,055, 61°) (05" — 00) T + () (14)
T

=—a gff—ijgf g'+o@ (15
:—aZw] g — ) ge + o(e) (16)

:_azwj (g 11> — &5 Tes") +o().  (17)

Assume, without loss of generality, that || glf | # 0, then

et - e = X ([ - 7)) as)
keP

] (| = con 5”1 0

> 0. (20)

Hence, the above difference is negative, if « is sufficiently small. As such, the difference between
the multi-task loss functions is also negative, if « is sufﬁciently small.

£(b,) ZL (05,657, 0r) - Z,c (05658, 8) < 0 @1

O

B EXPERIMENTAL SETUP

B.1 MULTI-FASHION+MNIST
Model. We adopt ResNet18 (He et al.l [2016) without pre-training as the backbone and modify the

dimension of the output features to 100 for the last linear layer. For the task-specific heads, we
define two linear layers followed by a ReLU function.
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Tasks, losses, and metrics. Each task is a classification problem with 10 classes and we use the
cross-entropy loss as the classification loss. For evaluation, we use the classification accuracy as the
metric for each task.

Model hyperparameters. We train the model for 120 epochs with the batch size of 256. We adopt
SGD with an initial learning rate of 0.1 and decay the learning rate by 0.1 at the 60 and 90 epoch.

Baseline hyperparameters. For CAGrad, we set @« = 0.2. For BMTAS, we set the resource loss
weight to 1.0, and we search the architecture for 100 epochs. For RotoGrad, we set R = 100
which is equal to the dimension of shared features and set the learning rate of rotation parameters
as learning rate of the neural networks. For MMOoE, the initial learning rate of expert networks and
gates are 0.1 and 1le — 3 respectively.

Recon hyperparameters. We use CAGrad to train the model for 30 epochs and compute the conflict
score of each shared layer. We set S = —0.1 for computing the scores. We select 25 layers with the
highest conflict scores and turn them into task-specific layers.

B.2 CITYSCAPES

Model. We adopt SegNet (Badrinarayanan et al.| 2017)) as the backbone where the decoder is split
into two convolutional heads.

Model hyperparameters. We train the model for 200 epochs with the batch size of 8. We adopt
Adam with an initial learning rate of 5e — 5 and decay the learning rate by 0.5 at the 100" epoch.

Baselines hyperparameters. For CAGrad, we set « = 0.2. For RotoGrad, we set R;, = 1024
and set the learning rate of rotation parameters as 10 times less than the learning rate of the neural
networks.

Recon hyperparameters. We use joint-train to train the model for 40 epochs and compute the
conflict score of each shared layer. We set S = 0.0 for computing the scores. We select 39 layers
with the highest conflict scores and turn them into task-specific layers.

B.3 NYUv2

Model. We adopt MTAN (Liu et al., 2019) — the SegNet combined with task-specific attention
modules on the encoder.

Model hyperparameters. We train the model for 200 epochs with the batch size of 2. We adopt
Adam with an initial learning rate of 1e — 4 and decay the learning rate by 0.5 at the 100" epoch.

Baseline hyperparameters. For CAGrad, we set a = 0.4 similar with |Liu et al.| (2021a)).

Recon hyperparameters. We use joint-train to train the model for 40 epochs and compute the
conflict score of each shared layer. We set S = —0.02 for computing the scores. We select 22 layers
with the highest conflict scores and turn them into task-specific layers.

B.4 PASCAL-CONTEXT

Model. Following Bruggemann et al.| (2020), we employ MobileNetv2 Sandler et al|(2018)) as the
backbone with a reduced design of the ASPP module (R-ASPP) (Sandler et al.,2018)). We pre-train
the model on ImageNet (Deng et al.,|[2009).

Model hyperparameters. We train the model for 130 epochs with the batch size of 6. We adopt
Adam with an initial learning rate of le — 4 and decay the learning rate by 0.1 at the 70" and 100™
epoch.

Baselines hyperparameters. For CAGrad, we set o = 0.1. For BMTAS, we set the resoure loss
weight to 0.1, and we search the architecture for 130 epochs.

Recon hyperparameters. We use joint-train to train the model for 40 epochs and compute the
conflict score of each shared layer. We set S = —0.02 for computing the scores. We select 85 layers
with the highest conflict scores and turn them into task-specific layers.
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B.5 CELEBA

Model. Following [Sener & Koltun| (2018)), we use ResNet18 (He et al., [2016) as the backbone
network. We pre-train the model on ImageNet (Deng et al.l [2009).

Model hyperparameters. We train the model for 5 epochs. We adopt Adam with an initial learning
rate of 5e — 5 and decay the learning rate by 0.5 at the 3™ epoch.

Baselines hyperparameters. For CAGrad, we set o = 0.1.

Recon hyperparameters. We use joint-train to train the model for 2 epochs and compute the
conflict score of each shared layer. We set S = —0.05. We select 25 layers with the highest conflict
scores and turn them into task-specific layers.

C ADDITIONAL ABLATION STUDY

The distribution of gradient conflicts. In addition to the statistics on Multi-Fashion+MNIST, we
further show the distributions of gradient conflicts of various baselines on CityScapes, NYUv2, and
PASCAL-Context in Fig 5] Fig[6l and Fig [7] respectively. We compare the distributions with those
of baselines w/ Recon on the three datasets in Fig. [8] Fig.[9] and Fig. [I0]respectively. The detailed
statistics are provided in Tables
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Figure 5: The distributions of gradient conflicts (in terms of cos ¢;;) of the joint-training baseline
and state-of-the-art gradient manipulation methods on CityScapes dataset.
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Figure 6: The distributions of gradient conflicts (in terms of cos ¢;;) of the joint-training baseline
and state-of-the-art gradient manipulation methods on NYUv2 dataset.
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Figure 7: The distributions of gradient conflicts (in terms of cos ¢;;) of the joint-training baseline
and state-of-the-art gradient manipulation methods on PASCAL-Context dataset.
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Figure 8: The distribution of gradient conflicts (in terms of cos ¢;;) w.r.t. the shared parameters on
CityScapes. RSL: randomly selecting same number of layers as Recon and set them task-specific.
RSP: randomly selecting similar amount of parameters as Recon and set them task-specific.
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Figure 9: The distribution of gradient conflicts (in terms of cos ¢;;) of baselines and baselines with
Recon on NYUv2. RSL: randomly selecting same number of layers as Recon and set them task-
specific. RSP: randomly selecting similar amount of parameters as Recon and set them task-specific.
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Figure 10: The distribution of gradient conflicts (in terms of cos ¢;;) of baselines and baselines
with Recon on PASCAL-Context. RSL: randomly selecting same number of layers as Recon and set
them task-specific. RSP: randomly selecting similar amount of parameters as Recon and set them
task-specific.

Table 8: The distribution of gradient conflicts (in terms of cos ¢;;) w.r.t. the shared parameters on
CityScapes dataset. “Reduction” means the percentage of conflicting gradients in the interval of
(—0.02, —1.0] reduced by the model compared with joint-training. The grey cell color indicates
Recon greatly reduces the conflicting gradients (more than 50%). In contrast, gradient manipulation
methods only moderately decrease their occurrence (MGDA deceases it by 22%), and some methods
even increase it.

cOS ¢ ‘ Joint-train  w/RSL  w/RSP  w/Recon ‘ MGDA  w/Recon ‘ Graddrop  w/ Recon ‘ PCGrad w/Recon ‘ CAGrad w/ Recon
[1.0,0) 59.55 53.16 58.29 73.62 639 78.27 59.56 73.82 59.85 74.52 60.79 74.54
(0,-0.02] 10.14 9.01 10.77 20.13 12.51 12.54 9.61 19.75 9.58 19.43 11.13 19.77
(-0.02, -0.04] 8.52 7.34 8.72 5.13 8.59 5.54 8.19 5.17 7.94 4.89 8.83 4.62
(-0.04, -0.06] 6.45 5.69 6.48 0.94 5.39 2.23 6.49 1.05 6.24 0.96 6.05 0.89
(-0.06, -0.08] 4.79 4.53 4.61 0.14 3.29 0.85 4.76 0.16 4.41 0.15 4.06 0.13
(-0.08, -1.0] 10.54 20.26 11.13 0.03 6.33 0.56 11.38 0.05 11.98 0.06 9.13 0.04
Reduction (%) ‘ - -24.82 -2.11 79.41 ‘ 22.11 69.70 -1.72 78.78 -0.89 80.03 7.36 81.22
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Table 9: The distribution of gradient conflicts (in terms of cos ¢;;) w.r.t. the shared parameters
on NYUv2 dataset. “Reduction” means the percentage of conflicting gradients in the interval of
(—0.04, —1.0] reduced by the model compared with joint-training. The grey cell color indicates
Recon greatly reduces the conflicting gradients (more than 50%). In contrast, gradient manipulation
methods only slightly decrease their occurrence, and some methods even increase it.

€OS i ‘ Joint-train ~ w/RSL ~ w/RSP  w/Recon ‘ MGDA  w/ Recon ‘ Graddrop ~ w/ Recon ‘ PCGrad  w/ Recon ‘ CAGrad  w/Recon
[1.0,0) 61.96 52.61 59.70 73.99 61.28 74.08 62.93 75.35 63.25 75.54 61.95 74.49
(0,-0.02] 3.85 3.75 347 14.17 297 13.38 3.83 13.50 3.61 12.66 3.53 14.20
(-0.02, -0.04] 3.63 3.60 341 7.07 277 7.21 3.70 6.71 3.62 6.66 3.39 6.96
(-0.04, -0.06] 3.39 343 3.11 2.89 2.81 3.19 345 271 3.26 2.98 321 2.71
(-0.06, -0.08] 3.11 3.30 2.94 11,113} 2.64 1.28 3.16 1.03 3.06 1.25 3.05 1.01
(-0.08, -1.0] 24.05 3331 27.37 0.76 27.53 0.87 2292 0.70 23.20 0.90 24.88 0.63
Reduction (%) | - -31.06 -9.39 8435 | -7.95 8252 | 334 8547 | 337 8321 | -1.93 85.76

Table 10: The distribution of gradient conflicts (in terms of cos ¢;;) w.r.t. the shared parameters
on PASCAL-Context dataset. “Reduction” means the percentage of conflicting gradients in the
interval of (—0.02, —1.0] reduced by the model compared with joint-training. The grey cell color
indicates Recon greatly reduces the conflicting gradients (more than 50%). In contrast, gradient
manipulation methods only slightly decrease their occurrence, and some methods even increase it.

cos @i ‘ Joint-train  w/RSL  w/RSP  w/ Recon ‘ MGDA w/ Recon ‘ Graddrop  w/ Recon ‘ PCGrad w/ Recon ‘ CAGrad w/Recon
[1.0,0) 61.26 59.20 60.47 63.99 60.40 63.61 61.18 63.76 61.35 63.83 60.99 63.78
(0,-0.02] 9.66 21.01 18.25 23.57 8.51 33.53 9.66 23.41 9.83 23.61 9.95 24.04
(-0.02, -0.04] 7.90 9.91 9.10 7.65 7.27 2.04 7.89 7.83 7.90 7.65 8.03 7.53
(-0.04, -0.06] 5.85 3.05 3.88 2.59 5.68 0.45 5.80 2.71 5.82 2.66 5.91 2.51
(-0.06, -0.08] 4.16 1.32 1.79 1.07 4.35 0.17 4.21 1.12 4.13 1.10 4.23 1.04
(-0.08, -1.0] 11.16 1.30 229 1.13 13.80 0.20 11.24 1.16 10.97 1.16 10.88 1.08
Reduction (%) ‘ - 46.41 4131 57.21 -6.98 90.16 -0.24 55.90 0.86 56.76 0.07 58.20

Table 11: Multi-task learning results on Multi-Fashion+MNIST dataset. LSK refers to turning the
fist K layers into task-specific layers. FSK refers to turning the last K layers into task-specific
layers. PD denotes the performance drop compared with Recon.

CAGrad PCGrad
LSK FSK w/Recon Task 1 Task2 4P Task 1 Task2 4P
Acct PD  Acct PD ’ Acct PD  Acct PD ’
v 97.63 0.66 89.14 0.50 84.17 97.63 0.65 8898 0.66 84.17
v 98.21 0.07 89.15 0.50 4890 98.19 0.09 89.51 0.13 48.90
- v 98.28 0 89.65 0 4342 98.30 0 89.77 0 43.42

Selecting the first K layers and the last K Layers as conflict layers does not work. To fur-
ther support the conclusion that the selection of parameters with higher probability of conflicting
gradients contributes most to the performance gain rather than the increase in model capacity. We
compare Recon with two baselines: (1) Select the first K neural network layers and turn them into
task-specific layers. (2) Select the last K neural network layers and turn them into task-specific
layers. The multi-task learning results on the Multi-Fashion+MNIST benchmark are presented in
Table[T1] The results show that if we directly turn the top or the bottom of the neural network into
task-specific parameters, it still will lead to performance degradation compared to Recon.

Recon finds similar layers in different training stages. Recon ranks the network layers according
to the computed S-conflict scores. The ranking result can be represented as a layer permutation,
denoted as , and 7(() is the position of layer I. The similarity between two rankings 7; and 7, can
be measured as: )

d(mi, ;) = mZIm(l) — (), (22)

leL

where L denotes the set of neural network layers. In Table[I2] we measure the differences in rankings
obtained in different training stages (e.g., in the first 25% iterations or the second 25% iterations)
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Table 12: The distance between the layer permutations (rankings) obtained in different training
stages on Multi-Fashion+MNIST dataset. “Iter.” denotes iterations.

Training Stage  1st25% Iter.  2nd 25% Iter.  3rd 25% Iter.  4th 25% Iter. ~ All Iter.

1st 25% Iter. 0 - - - -
2nd 25% lter. 2.39 0 - - -
3rd 25% Iter. 1.85 2.14 0 - -
4th 25% Tter. 1.95 2.24 0.68 0 -

All Iter. 1.36 1.95 0.82 0.97 0

Table 13: Performance of the networks modified by Recon with conflict layers found in different
training stages of joint-training on CityScapes dataset. Am% denotes the average relative improve-
ment of all tasks. #P denotes the model size (MB). The best result is marked in bold.

Segmentation Depth
Model (Higher Better) (Lower Better) Am% #P.
mloU Pix Acc Abs Err  Rel Err
Single-task 7436  93.22 0.0128 29.98 190.59

Ist 25% Iterations  74.17  93.21 0.0136  43.18 -12.63 108.439
2nd 25% Iterations  74.20  93.19 0.0135 4245 -11.83 108.440
3rd 25% Iterations 74.80  93.19 0.0136 4134 -10.90 109.567
4th 25% Iterations 74.80  93.19 0.0136 41.34 -10.90 109.567

All Iterations 74.80  93.19 0.0136 4134 -10.90 109.567

on Multi-Fashion+MNIST by Eq.[22] The small distances (less than 2.4) indicate that the layers
found in different training stages are quite similar. In Table[I3] we compare the performance of the
networks modified by Recon with conflict layers found in different training stages on CityScapes. It
can be seen that the results of the last three rows are the same, which is because the layers found in
the 3rd 25% iterations, 4th 25% iterations, and all iterations are exactly the same (the rankings may
be slightly different though). The layers found in the later stages lead to slightly better performance
than those found in the early stages (i.e., 1st 25% iterations and 2nd 25% iterations), indicating the
conflict scores in early iterations might be a little noisy. However, since the performance gaps are
acceptably small, to save time, we use the initial 25% training iterations to find conflict layers.

Table 14: The distance between the layer permutations (rankings) obtained by Recon with different
methods on Multi-Fashion+MNIST dataset.

Method Joint-train CAGrad PCGrad Gradrop MGDA

Joint-train 0 - - - -
CAGrad 1.07 0 - - -
PCGrad 0.78 1.17 0 - -
Gradrop 0.59 0.83 0.68 0 -
MGDA 1.71 1.32 1.90 1.56 0

Recon finds similar layers with different MTL methods. In Table[I4] we measure the differences
in layer permutations (rankings) obtained by Recon with different methods (e.g., CAGrad and PC-
Grad) on Multi-Fashion+MNIST by Eq.[22] The small distances (less than 1.9) indicate that the
layers found by Recon with different methods are quite similar. Therefore, in our experiments, we
only use joint-training to search for the conflict layers once, and directly apply the modified network
to improve different gradient manipulation methods as shown in Tables [T}{3]

The conflict layers found by Recon with the same architecture are transferable between dif-
ferent datasets. We conduct experiments with three different architectures: ResNet18, SegNet, and
MTAN. (1) For Resnetl8, we find that the layers found by Recon on CelebA and those found on
Multi-Fashion+MNIST are exactly the same. (2) For SegNet, we find that 95% layers (38 out of 40)
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Table 15:  Multi-task learning results on NYUv2 dataset with SegNet as backbone. Recon* de-
notes setting the layers found on CityScapes to task-specific. Am% denotes the average relative
improvement of all tasks. #P denotes the model size (MB). The grey cell color indicates that Recon
or Recon™ improves the result of the base model.

Segmentation Depth Surface Normal
. Angle Distance Within ¢t°©
Higher Bett L Bett
Method (Higher Better) (Lower Better) (Lower Better) (Higher Better) Am% 1t #P.

mloU Pix Acc  Abs Err  Rel Err Mean Median 11.25 225 30

Single-task  38.67  64.27 0.6881 0.2788 24.8683 18.9919 3043 57.81 69.7 285.88

Joint-train  38.62  65.36 0.5378  0.2273 29.92 2582 20.79 4429 5736 -1.62 95.58
w/Recon | 40.68  66.12 0.5786  0.2558 = 26.72 21.41  26.58 5258 65.20 2.15 139.59
w/ Recon* | 38.81  63.69 0.5637 0.2413 26.75 21.73  26.16 51.80 64.64 1.59 121.59

MGDA 25.71 57.72 0.6033 02358  24.53 18.65 3122 5846 70.21 -2.15 95.58
w/Recon | 36.64  62.36 0.5613  0.2255 24.66 18.66  31.30 5847 70.16 5.37 139.59
w/ Recon* | 36.85  63.51 0.5760  0.2362  24.89 18.96  30.53 57.94 69.82 4.34 121.59

Graddrop  39.01 66.13 0.5462  0.2296  29.72 25.51 19.87 44.68 5812  -1.52 95.58
w/Recon | 39.78  65.63 0.5460 0.2280  26.42 21.16  26.89 53.16 65.84 4.45 139.59
w/Recon* | 39.97  65.71 0.5544  0.2261 26.52 21.37  26.65 52.65 65.46 4.21 121.59

PCGrad 40.01  65.77 0.5349  0.2227 28.53 24.08 2233 4742 60.69 1.43 95.58
w/Recon | 40.03  65.92 0.5523  0.2384 = 26.24 20.89 2730 53.66 66.25 4.19 139.59
w/Recon® 3993  65.46 0.5494  0.2315 26.82 21.70 2634 52.04 64.74 3.53 121.59

CAGrad 38.87  66.54 0.5331 0.2289  25.85 20.60 2750 5441 67.10 5.60 95.58
w/Recon | 40.68  66.12 05372 0.2266 = 25.44 19.87 2896 56.00 68.28 6.99 139.59
w/ Recon®  39.97 6592 0.5298 0.2273 25.56 20.11  28.69 5537 67.75 6.47 121.59

Table 16: Multi-task learning results on CityScapes dataset with MTAN as backbone. Recon™ de-
notes setting the layers found on NYUv2 to task-specific. =~ Am% denotes the average relative
improvement of all tasks. #P denotes the model size (MB). The grey cell color indicates that Recon
or Recon™ improves the result of the base model.

Segmentation Depth

Method (Higher Better) (Lower Better) Am% 1 #P.
mloU Pix Acc Abs Err  Rel Err

Single-task ~ 73.74  93.05 0.0129  27.71 190.58

Joint-train 7535  93.55 0.0169  45.64 -23.26  157.19
w/Recon | 75.72  93.74 0.0130  40.90 -11.36  196.32
w/ Recon* ' 76.32  93.76 0.0132  46.40 -16.44  159.19

MGDA 7046  91.75 0.0224  34.33 -26.02  157.19
w/Recon | 7223  92.60 0.0122  26.93 1.37 196.32
w/ Recon*  70.83  92.14 0.0125  25.69 1.31 159.19

Graddrop  75.19  93.53 0.0168  46.35 -23.90 157.19
w/Recon | 75.60  93.72 0.0127  38.55 -8.71 196.32
w/ Recon* = 76.49  93.82 0.0129  47.54 -16.81  159.19

PCGrad 75.64  93.54 0.02 43.53 -23.60  157.19
w/Recon | 75.89  93.71 0.0129  40.05 -10.35  196.32
w/ Recon™ ' 7624  93.69 0.0128  45.24 -14.66  159.19

CAGrad 7526  93.50 0.0176  44.23 -23.40  157.19
w/Recon = 75.65  93.71 0.0125  36.23 -6.15 196.32
w/ Recon*™ ' 76.25  93.74 0.0123  40.05 -8.99 159.19
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found on NYUV2 are identical to those found on CityScapes. On NYUv2, we compare the perfor-
mance of using conflict layers found on NYUv2 (baselines w/ Recon) to that of using conflict layers
found on CityScapes (i.e., baselines w/ Recon*), as shown in Table [I5] (3) For MTAN (SegNet
with attention), we find that 68% layers (17 out of 25) found on CityScapes are identical to those
found on NYUv2. On CityScapes, we compare the performance of using conflict layers found on
CityScapes (baselines w/ Recon) to that of using conflict layers found on NYUv2 (i.e., baselines w/
Recon*), as shown in Table The results show that the conflict layers found on one dataset can
be used to modify the network to be directly used on another dataset to consistently improve the
performance of various baselines, while searching for the conflict layers again on the new dataset
may lead to better performance.
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Figure 11: Comparison of running time (one iteration, excludes data fetching) on CelebA dataset.

Analysis of running time. We evaluate how Recon scales with the number of tasks on CelebA
dataset, by comparing the running time of one iteration used by Recon in computing gradient conflict
scores (the most time-consuming part of Recon) to that of the baselines. The results in Fig.[TT|show
that Recon is as fast as other gradient manipulation methods such as CAGrad (Liu et al., [2021a)
and Graddrop (Chen et al., 2020), but much slower than joint-training especially when the number
of tasks is large, which is natural since Recon needs to compute pariwise cosine similarity of task
gradients. However, since Recon only needs to search for the conflict layers once for a given network
architecture, as discussed above, the running time is not a problem.
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