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= CPO: Trust Region Approximation
» |PO: logarithmic barrier functions
» etc: GAE, Adaptive constraint thresholding, Multi-head cost value function
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CH2! 2|2k (symmetric constraint) [52]
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" = arg max J ()
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in the original paper [43], the IPO objective (10) is optimized
with PPO [49]. However, we utilized Trust Region Policy Optimization (TRPO)

We also experimented with the PPO [49] optimizer and found several
algorithmic advantages, such as ease of implementation and the availability to

=
PPOE HAEMSH M2 #|OL}, ot AMo| Wojx|= Egj|o|E @7} QIQILC} utilize recurrent neural networks, albeit with the trade-off of training stability

ot

0| E o[H

A TRPO 2 X|XNSIE AF =X =

maximize [E; gnigor|A™(s,a)]
welly

K
1 -
—+ Zlog(dk — (Jck(ﬁz') + jESNd”i,aNW [Ac’k(s, a)} ) )/t
k=1

s.t.  Dgr(m||m;) <.




METHOD

o WL N T} H|2
e 2N I} H|
t+n—1

- O\SHEIZ) (GAB)

2\ Ol @2t 2An Mg mF & 4 QUrt

O

AT (s1,0) = Y (YA)6y
=t

i | | i ™
b iy, RIS 28] =3

A% 6.3 O{=WHEX] Aldknt Z4




Pt
N

N
rlo
r
e
o

M(exploration)2 27| 2| H|

ofg 2o HgoiH sta g oiX 2 Il

X
O] E£0|7] ?lel, HANMLE MtS ZAA SHH EGAI7[7| St

0| QUL

oIr

f;:c — max(dk, Jgk(ﬂ'i) —+ o - dk),

o|ut AkSh o

=4 Aol

o 7|2 A2} 0.05

o 2l H|E: 0.1

o iR 9|ut A=t 0.08
A Zt A4 = max(0.05, 0.08 + 0.1* 0.05) = 0.085
AA|Zf0] 0.05 0|A| 0.085=2 2t2tE| AL}

\_

4

o 7|2 A2} 0.05

e 2l H|Z: 0.1

o OiXff 9ut M= 0.04
A Zt HlA = max(0.05, 0.04 + 0.1*0.05) = 0.05
0.052 5 &ALt

y e




METHOD

e There are multiple constraints, cannot combined into a single scalar value like

the reward.

e Instead of training completely separate neural networks for each constraint,
the multihead architecture allows the network to share a common backbone.

e A single neural network estimates all constraint values.
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o HT: 71 WE
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1e6 Number of Cost-critic Parameters

Number of constraints

MULTI-HEAD COST CRITIC EVALUATION (# CONSTRAINTS = 10)

# parameters | Computation time [s] | Prediction loss
Multi-head 0.1 M 0.23 0.468
(Ours) ' (10.22 %) (£ 0.120)

, 0.56 0.435
Single-head - (24.89 %) (£ 0.139)
Single-head 0.1 M 0.33 0.534
(Reduced) ) (14.67 %) (+ 0.205)

* Percentage in the "Computation time” indicates the ratio of time spent on
cost-critic versus others (e.g., simulation), where others are identical for all

three methods.

| -@- Multi-head (Ours) 4
-4 Single-head
N
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EZ ™Y (privileged information)
e terrain friction coefficient

« body height with respect to the ground Teacher policy training Student policy training

i Command,

e body linear vel Proprioception (i N p :
e body contact state, B .
e foot contact impulse, t Privileged MLP MLP ...
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e terrain profiles: circular height scan near each foot Action J J < y
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2t= X H(observation)
e given velocity command,
e body orientation, body angular velocity

O Teacher policy training Student policy training

e current joint positions and velocities, t Pronrisceekion “\ p S
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e ] : a~ a
\ 4 b —"@ Adaptive constraint thresholding Update policy
M —P € > M -P T max J(m)
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cost critic
\ / )y Jo(m) <dy  Jey(m) < di
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Training Frame work

BB

[

ogk

72|23 (Adaptive Terrain Curriculum) Domain randomization

o ZHE ES (observation noise)

e E{ OHE (motor frictions)

e PD H|0{7]| 0|5 (PD controller gains)
o & 2|X| (foot positions)

e S 7|5}t (collision geometry)

o X|™ O& (ground friction)

e MO X|H (control latency)
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Anymal 2t 20| Ct2|7} BICHO =, AtlasK{E 2FE A 0|0 constraint 80| 37| ERSIX| %UAL

S+ 4ol "agisd, ol x| AZ(ER)S T 2 7L otLl7] mi2o|ct

TABLE III
REWARD COEFFICIENTS FOR SEVERAL LEGGED ROBOTS
L EIT L RECALL ;f::tgggfslc;oo;—ﬁﬁ% B ApgtS HASH
Raibo 10. | 0.005 | 0.06 X o | — «—Raibo 27/ 27kg
Hound 10. | 0.0025 | 0.06 L —k o — — (s .k ). —
Gol 10. | 0.025 | 0.06 4 T m V) m
Mini-cheetah | 10. 0.03 | 0.06 [

Anymal B 10. | 0.005 | 0.06 Raibo E3 B4} AL \

Anymal C 10. | 0.003 | 0.06
Atlas 0. | 0.001 | 0.06 H8 =X
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Implementation detail

T8l IHo| EX| 2 Safe-RL-AlgosZ&
AlZ2{|0|M 2tA: RaiSim ALE
sts AlZt

o 24X ZHAL) + 8 A|ZHSHA)

e AMD Ryzen9 5959X + RTX 3070
locomotion control policy: 100 Hz
deployment: Eigen library + C++

Slope: 32°
Speed: 1 m/s

. Slope: #108~10°
N Speed 2 m/s

2ZE X 2m/s s 2t 32 deg 1m/s, O| X =2 CHH| 28} A=


https://github.com/dobro12/Safe-RL-Algos
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Framework Analyzation - 1
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o 047 & 0.04 - )
o.02 | MR R o
0.0 T T T ‘
0.00 1— . -, |
00 U2 A0 de2 0.0 0.5 1.0 1.5

SEEps 1e? Steps 1e9
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Framework Analyzation - 1

2 H 11ZM(Objective sensitivity) - 248 7|4 HA
1.7+ (22 E3 )2 28] 52 B2 -> of|HX| 2H] HAH| ALE
2. T g (action smotthness)E 2t 52l 22 -> J2iZof| 2t

_DFE E
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—0.8 1
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Reward - Command

Al
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Steps 169
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_niz 4

—0.4 1

_ﬂ‘ﬁ.

—0.8

—1.0 1

SEA
or=—
) _Il-ﬁ

off & 2rFo| E[=X|

Reward - Torque

0.0

0.5

Steps

1.0

1.5
1e9

0.0 4

_Diz 3

=0.4 1

—0.6 1

—0.8 1

—-1.01

Reward - Action Smoothness

~—— Nominal
—— Torque (x2)
—— Smoothness (x2)

0.0 0.5 1.0 1.5
Steps 1le9
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Framework Analyzation - 2

M2 =21 9tE(Constraint satisfaction) - HAH/H[SF A4 HAA O H[2F0] &4t OFHE SH=X]
1.7+ (2E E3 BA)E 28 58 E2R
2.jointangle2 0 ~-90deg -45deg -90 deg

TABLE II

Joint Angle Constaint
CONSTRAINT SATISFACTION RESULTS

0.2 0.2
Cip Civ Cit Che Ccom Cgp Cov [m/s] cew [m/s] Cfe [m] cfp Im] Csym ===+ Desired limit 0.0 ===+ Desired limit
| Limit 0.025 | 0.025 0.025 | 0.025 | 0.025 | 0.25 0.35 - - - 0.1 f .
Raibo 0.015 | 0.004 | 0.001 0.002 | 0.009 | 0.16 0.32 0.15 [0.2] -0.11 [-0.07] | 0.09 [0.11] 0.07 =0.2
Hound 0.014 | 0.020 | 0.000 | 0.003 | 0.002 | 0.17 0.30 0.13 [0.2] -0.09 [-0.07] [ 0.07 [0.11] 0.07
Gol 0.012 | 0.007 | 0.000 | 0.008 | 0.001 0.16 0.33 0.10 [0.2] -0.08 [-0.05] | 0.06 [0.09] 0.07 - T —-0.4
Sec. VI-B | Mini-cheetah 0.015 | 0.000 | 0.001 0.002 | 0.001 0.13 0.32 0.10 [0.2] -0.08 [-0.05] [ 0.06 [0.09] 0.06 E E
Anymal B 0.016 | 0.019 | 0.000 | 0.002 | 0.005 | 0.16 0.31 0.13 [0.2] -0.09 [-0.07] | 0.07 [0.11] 0.07 @ o
Anymal C 0.019 | 0.021 0.002 | 0.004 | 0.005 | 0.16 0.30 0.11 [0.2] -0.08 [-0.07] [ 0.06 [0.11] 0.07 2 b=
Atlas 0.011 0.019 | 0.004 | 0.008 | 0.008 | 0.12 0.29 0.35 [0.5] -0.17 [-0.15] 0.12 [0.2] 0.08 E E
Sec. VI.C Torque (x2) 0.017 | 0.005 0.001 0.001 0.008 | 0.15 e 0.16 [0.2] -0.13 [-0.07] 0.10 [0.11] 0.08 g %
y . Smoothness (x2) 0.013 | 0.005 0.001 0.001 | 0.009 | 0.14 0.32 0.15 [0.2] -0.13 [-0.07] | 0.10 [0.11] 0.07 - -
P30 [10], [44] 0.025 | 0.005 | 0.000 | 0.002 | 0.016 | 0.24 0.35 0.2 [0.2] -0.08 [-0.07] [ 0.09 [0.11] 0.1
t =100, o = 0.002 | 0.015 | 0.004 [ 0.002 | 0.003 | 0.009 | 0.17 0.32 0.15 [0.2] -0.11 [-0.07] | 0.09 [0.11] 0.07
Sec. VI-E | t =100, a = 0.2 0.015 | 0.004 | 0.002 | 0.002 | 0.011 0.18 0.44 0.17 [0.2] -0.11 [-0.07] [ 0.09 [0.11] 0.07
t =10, a =0.02 0.004 | 0.001 0.000 | 0.000 | 0.002 | 0.11 0.24 0.07 [0.2] -0.14 [-0.07] | 0.07 [0.11] 0.05
t=1000, . =0.02 | 0.023 [ 0.010 | 0.002 | 0.002 | 0.0I5 | 0.22 0.45 0.2 [0.2] -0.09 [-0.07] [ 0.09 [0.11] 0.09

*Results are after training with 1.6 billion time steps. Constraint thresholds are reported in the top row or inside the bracket. Bolded texts indicate violated
or barely satisfied constraints.

Tim;a (s) Time (s)

Normal Tight

Operation __ Operation

5 €3 Cit Cic Vo — Cop Cov [M/s] | Cco [Mm/s] cfe [m] cfp [m] Csym

0.025 | 0.025 | 0.025 | 0.025 | 0.025 | 0.25 0.35 0.1

0.017 | 0.005 | 0.001 | 0.001 | 0.008 | 0.15 0.33 0.16 [0.2] | -0.13 [-0.07] | 0.10 [0.11] 0.08
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Framework Analyzation - 3

=0| & gait Z™ = real world deploy

gait: ®_0 (initial phase offset parameter) 2} Bt =™ I L
=0] &H: crawling,COM heightE =&

d experiments of generating multiple motions by varying constraints. A robot walking with a trotting gait (top) was changed to locomote
rait (middle) or crawl beneath an overhanging obstacle (bottom) by modifying the gait pattern constraint or COM height with joint angle
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712 HA M8 mej el aete] Hl(Comparison with the Reward-only Framework)

7|1Z il &2 HEdE =

o MY HIH: 12719 2| EHOE TRPOE 2I0|EZE M o1& Z, anymal-cOf| H&
M2 XX
oo T T
Anymal-cE 0| Al ™ FHO| 0 UL
o T E HAZM, Anymal-C2| reward-only £ FH of|2{ 7+ 2% 5| ALt
Raibo2| 22 Reward-only2| £x 0|27t O W20
( constraint F£7t g112|&§ 450| o QHE2A Ot:lof? )

e O|H I:I=|E=I *I-I EJLI- 'ﬂ-*o X}O|
Robot Transfer - Performance N

N ==0M= thestE 2o B £ Ed S Okl 2 LIEILHAS.
—k. (||cmdvmy — Vil|? + (emdw, — wz)z)
B HE Zy ¢{20|M= XSS AE

r, = k. (exp (—Hcmdvxy — Va:yH + exp ( 1.5(cmdw, — 2))

>

Raibo /N
1 W Anymal C

[

=
o

o
=
b

o
I

Velocity Commmand Error
=
1}

MleF = Fotel ZAI2[S0M X5 &2 HE &2 AL Al

o2t 2 Afol7} gige ol

QOurs Reward-only TABLE VII
VELOCITY COMMAND TRACKING PERFORMANCE COMPARISON

=
™

2
o

Velocity command error Torque
Ours + L2 (Raibo) 0.498 (£ 0.308) 24.769 (+ 5.811)
Ours + Exp (Raibo) 0.367 (£ 0.290) 29.489 (£ 8.311)
Ours + Exp (Anymal C) 0.547 (£ 0.380) 60.310 (£ 14.978)
Reward-only (Raibo) 0.359 (£ 0.354) 30.773 (£ 10.181)
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712 HA M8 mej el aete] Hl(Comparison with the Reward-only Framework)

71E O] 2 HEANS ol B 4 ULt

o MY HH: 1279 2[YEHOE TRPOE 2I0|HE M &5 2, anymal-cOf| &
2 252
7|2 2= (hominal) 2 S Eo{Lt 2%l2l0| o] A& Lt
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o CPO: A[LHA[ZEaE H[FZEH2 MHEH

olat 4% oaj Hairt

e Penalized Proximal Policy Optimization (P30):
o HM|ef = otA|0| EEOIH, M2 U2 B|/EE 2 =0

. PPO: 7812 2L}, £ 80| SoHEICt

Computation time

-®-- Modified-IPO (Ours)

-4-- CPO ,x'"
-== TRPO (Reward-only) ’,.«-"'
.ﬂ‘"“l’
‘__J"*
v
e e il ettt etetety bvietuted. _fetiots it
2 4 6 8 10

Number of constraints

<A&F AlZHH| B B>

TABLE V
ALGORITHM PERFORMANCE COMPARISON
Reward (r) Torque Smoothness | Traversability
Ours -0.242 24.769 0.093 0.811
(+ 0.007) (+ 5.811) (+ 0.002) (4 0.055)
P30 -0.271 26.186 0.101 0.781
[10], [44] (£ 0.012) (+ 6.116) (£ 0.002) (£ 0.068)
= —_\O
P30 Ot o &2 2|9 =(R4 d5)2 20}
TABLE II
CONSTRAINT SATISFACTION RESULTS
Cip Cijuv Cjt Cbhe Ccom Cgp Cov [mM/s] Cev [m/8] Cfe [m] Crp [m] Csym
Limit 0.025 | 0.025 | 0.025 | 0.025 | 0.025 | 0.25 0.35 - - - 0.1
Raibo 0.015 | 0.004 | 0.001 | 0.002 | 0.009 | 0.16 0.32 0.15 [0.2] -0.11 [-0.07] | 0.09 [0.11] 0.07
Hound 0.014 | 0.020 | 0.000 | 0.003 | 0.002 | 0.17 0.30 0.13 10.2] | -0.09 [-0.07] | 0.07 [0.11] 0.07
Gol 0.012 | 0.007 | 0.000 | 0.008 | 0.00] 0.16 0.33 0.10 [0.2] -0.08 [-0.05] | 0.06 [0.09] 0.07
Sec. VI-B | Mini-cheetah 0.015 | 0.000 | 0.001 | 0.002 | 0.00] 0.13 0.32 0.10 [0.2] -0.08 [-0.05] | 0.06 [0.09] 0.06
Anymal B 0.016 | 0.019 | 0.000 | 0.002 | 0.005 | 0.16 0.31 0.13 [0.2] -0.09 [-0.07] | 0.07 [0.11] 0.07
Anymal C 0.019 | 0.021 | 0.002 | 0.004 | 0.005 | 0.16 0.30 0.11 [0.2] -0.08 [-0.07] | 0.06 [0.11] 0.07
Atlas 0.011 | 0.019 | 0.004 | 0.008 | 0.008 | 0.12 0.29 0.35[0.5] | -0.17 [-0.15] 0.12 [0.2] 0.08
Sec. VI-C Torque (x2) 0.017 | 0.005 | 0.001 | 0.001 | 0.008 | 0.15 0.33 0.16 [0.2] | -0.13 [-0.07] | 0.10 [0.11] 0.08
' Smoothness (x2) 0.013 | 0.005 | 0.001 | 0.001 | 0.009 | 0.14 0.32 0.15 [0.2] -0.13 [-0.07] | 0.10 [0.11] 0.07
P30 [10], [44] 0.025 | 0.005 | 0.000 | 0.002 | 0.016 | 0.24 0.35 0.2[0.2] | -0.08 [-0.07] | 0.09 [0.11] | 0.1
t =100, « = 0.002 | 0.015 | 0.004 | 0.002 | 0.003 | 0.009 | 0.17 0.32 0.15 [0.2] -0.11 [-0.07] | 0.09 [0.11] 0.07
Sec. VIE [ =100, a =0.2 | 0.015 | 0.004 | 0.002 | 0.002 | 0011 | 0.18 | 044 | 0.17[0.2] | -0.I1 [-0.07] | 0.09 [0.11] | 0.07
t =10, a = 0.02 0.004 | 0.001 | 0.000 | 0.000 | 0.002 | 0.11 0.24 0.07 [0.2] -0.14 [-0.07] | 0.07 [0.11] 0.05
£ = 1000, a = 0.02 | 0.023 | 0.010 | 0.002 | 0.002 | 0015 | 022 | 045 0.2[02] | -0.09 [-0.07] | 0.09 [0.1T] | 0.09

*Results are after training with 1.6 billion time steps. Constraint

P302

thresholds are reported in the top row or inside the bracket. Bolded texts indicate violated
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