
A More about Random Pattern Generator395

Figure 7 illustrates the steps for the random pattern generator to create a template for ⌧ = PACING.396

To generate a template in general, we first sample ) 2 [24, 28] (step 1). Since the control frequency397

is 50 Hz, this corresponds to a cycle length of 0.48 ⇠ 0.56 seconds. We then sample a foot-ground398

contact length ratio within the cycle Acontact 2 [0.5, 0.7], )Acontact therefore gives the number of ‘1’s399

and ) (1 � Acontact) the number of ‘0’s in each row (step 2). Proper length scaling and bit shifts of400

these ones and zeros are necessary to produce feasible foot contact patterns on a real robot (step401

3). For ⌧ = BOUND, we shorten the foot-ground contact time to 60% of the sampled value (i.e.,402

Acontact = 0.6Acontact), we place the ones at the beginning of the FL and FR rows and shift those in the403

RL and RR rows by 0.5)Acontact bits to the right. We do no scaling for ⌧ = TROT. Finally, we shift404

the ’1’s to form complete templates (step 4): we place the ones at the beginning in the FL and RR405

rows and at the end of the FR and RL rows. We keep Acontact untouched for ⌧ = PACE, but shrink406

the cycle length to half its sampled value (i.e., ) = 0.5)) to make the gait natural and feasible. We407

place the ones at the beginning in the FL and RL rows and at the end of the FR and RR rows. Finally,408

for ⌧ 2 {STAND_STILL, STAND_3LEGS}, we perform no scaling and fill in the pattern template409

matrix with ones. We randomly sample one row and replace it with zeros if ⌧ = STAND_3LEGS.410
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Step 1: Sample template length 
<latexit sha1_base64="PkVisEX4bL9EeqvEdAe+AFIsrrc=">AAAB6HicbZDJSgNBEIZr4hbjFpebl8YgeAozgsvNgAc9JpANkiH0dGqSNj0L3T1CHPIEXjwo4tUH8OSTePPom9hZDhr9oeHj/6voqvJiwZW27U8rs7C4tLySXc2trW9sbuW3d+oqSiTDGotEJJseVSh4iDXNtcBmLJEGnsCGN7gc541blIpHYVUPY3QD2gu5zxnVxqpUO/mCXbQnIn/BmUHh4v3u6+ptLy138h/tbsSSAEPNBFWq5dixdlMqNWcCR7l2ojCmbEB72DIY0gCVm04GHZFD43SJH0nzQk0m7s+OlAZKDQPPVAZU99V8Njb/y1qJ9s/dlIdxojFk04/8RBAdkfHWpMslMi2GBiiT3MxKWJ9KyrS5Tc4cwZlf+S/Uj4vOafGk4hRKNkyVhX04gCNw4AxKcA1lqAEDhHt4hCfrxnqwnq2XaWnGmvXswi9Zr9/RsJCf</latexit>

T
<latexit sha1_base64="PkVisEX4bL9EeqvEdAe+AFIsrrc=">AAAB6HicbZDJSgNBEIZr4hbjFpebl8YgeAozgsvNgAc9JpANkiH0dGqSNj0L3T1CHPIEXjwo4tUH8OSTePPom9hZDhr9oeHj/6voqvJiwZW27U8rs7C4tLySXc2trW9sbuW3d+oqSiTDGotEJJseVSh4iDXNtcBmLJEGnsCGN7gc541blIpHYVUPY3QD2gu5zxnVxqpUO/mCXbQnIn/BmUHh4v3u6+ptLy138h/tbsSSAEPNBFWq5dixdlMqNWcCR7l2ojCmbEB72DIY0gCVm04GHZFD43SJH0nzQk0m7s+OlAZKDQPPVAZU99V8Njb/y1qJ9s/dlIdxojFk04/8RBAdkfHWpMslMi2GBiiT3MxKWJ9KyrS5Tc4cwZlf+S/Uj4vOafGk4hRKNkyVhX04gCNw4AxKcA1lqAEDhHt4hCfrxnqwnq2XaWnGmvXswi9Zr9/RsJCf</latexit>

T Step 2: Sample contact ratio <latexit sha1_base64="tdhlaczG82s+8iMFemKaWn6xKmY=">AAAB+3icbVDLSgMxFM1YH7W+xoorN8EiuCozgo9lwY3LCvYBbRkyaaYNzWNIMmIZ5lfcuFDErR/gL7gQXPkpmmm70NYDgcM593JPThgzqo3nfTpLheWV1bXiemljc2t7x90tN7VMFCYNLJlU7RBpwqggDUMNI+1YEcRDRlrh6DL3W7dEaSrFjRnHpMfRQNCIYmSsFLhlFXQ5MkPFUyyFQdhkgVvxqt4EcJH4M1KpFT6+3/a/SD1w37t9iRNOhMEMad3xvdj0UqQMxYxkpW6iSYzwCA1Ix1KBONG9dJI9g0dW6cNIKvuEgRP190aKuNZjHtrJPKee93LxP6+TmOiil1IRJ4YIPD0UJQwaCfMiYJ8qgg0bW4KwojYrxEOkbAO2rpItwZ//8iJpnlT9s+rptV+peWCKIjgAh+AY+OAc1MAVqIMGwOAO3INH8ORkzoPz7LxMR5ec2c4e+APn9QeDb5kg</latexit>rcontact
<latexit sha1_base64="tdhlaczG82s+8iMFemKaWn6xKmY=">AAAB+3icbVDLSgMxFM1YH7W+xoorN8EiuCozgo9lwY3LCvYBbRkyaaYNzWNIMmIZ5lfcuFDErR/gL7gQXPkpmmm70NYDgcM593JPThgzqo3nfTpLheWV1bXiemljc2t7x90tN7VMFCYNLJlU7RBpwqggDUMNI+1YEcRDRlrh6DL3W7dEaSrFjRnHpMfRQNCIYmSsFLhlFXQ5MkPFUyyFQdhkgVvxqt4EcJH4M1KpFT6+3/a/SD1w37t9iRNOhMEMad3xvdj0UqQMxYxkpW6iSYzwCA1Ix1KBONG9dJI9g0dW6cNIKvuEgRP190aKuNZjHtrJPKee93LxP6+TmOiil1IRJ4YIPD0UJQwaCfMiYJ8qgg0bW4KwojYrxEOkbAO2rpItwZ//8iJpnlT9s+rptV+peWCKIjgAh+AY+OAc1MAVqIMGwOAO3INH8ORkzoPz7LxMR5ec2c4e+APn9QeDb5kg</latexit>rcontact

<latexit sha1_base64="D+Ltlul0/rKSRmO3BTet7o6yWnk=">AAAB/HicbVDLSgMxFM20Pmp9jRZXboJFcFVmBB/LghuXFfqCdhgyaaYNTTJDkhGGof6KGxeKuHXvL7gQXPkpmmm70NYDgcM593JPThAzqrTjfFqF4srq2nppo7y5tb2za+/tt1WUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxle537klUtFINHUaE4+joaAhxUgbybcrTen3OdIjyTMcCY2wnvh21ak5U8Bl4s5JtV78+H47+CIN337vDyKccCI0ZkipnuvE2suQ1BQzMin3E0VihMdoSHqGCsSJ8rJp+Ak8NsoAhpE0T2g4VX9vZIgrlfLATOY51aKXi/95vUSHl15GRZxoIvDsUJgwqCOYNwEHVBKsWWoIwpKarBCPkDQNmL7KpgR38cvLpH1ac89rZzdute6AGUrgEByBE+CCC1AH16ABWgCDFNyDR/Bk3VkP1rP1MhstWPOdCvgD6/UHLduZfg==</latexit>

Trcontact
<latexit sha1_base64="D+Ltlul0/rKSRmO3BTet7o6yWnk=">AAAB/HicbVDLSgMxFM20Pmp9jRZXboJFcFVmBB/LghuXFfqCdhgyaaYNTTJDkhGGof6KGxeKuHXvL7gQXPkpmmm70NYDgcM593JPThAzqrTjfFqF4srq2nppo7y5tb2za+/tt1WUSExaOGKR7AZIEUYFaWmqGenGkiAeMNIJxle537klUtFINHUaE4+joaAhxUgbybcrTen3OdIjyTMcCY2wnvh21ak5U8Bl4s5JtV78+H47+CIN337vDyKccCI0ZkipnuvE2suQ1BQzMin3E0VihMdoSHqGCsSJ8rJp+Ak8NsoAhpE0T2g4VX9vZIgrlfLATOY51aKXi/95vUSHl15GRZxoIvDsUJgwqCOYNwEHVBKsWWoIwpKarBCPkDQNmL7KpgR38cvLpH1ac89rZzdute6AGUrgEByBE+CCC1AH16ABWgCDFNyDR/Bk3VkP1rP1MhstWPOdCvgD6/UHLduZfg==</latexit>

Trcontact

‘1’s ‘0’s

Step 3: Scale 
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G = PACING

Figure 7: How the random pattern generator works.

B Reward Design411

Our reward design is based on those in legged gym [41]. The total reward consists of 8 weighted412

reward terms: � =
Õ8
8=1 F8A8 , where F8’s are the weights and A8’s are the rewards. The definition413

of each reward term and the value of the weights are in the following. We put the purpose of each414

reward term in the bracket at the beginning of the description.415

• [Task Reward] Linear velocity tracking reward. A1 = 4�4⇥( (EG�ÊG )2+E2
H
) , where EG and ÊG are416

the current and desired linear velocities along the robot’s heading direction, and EH is the417

current linear velocity along the lateral direction. All velocities are in the base frame, and418

F1 = 1.419

• [Task Reward] Angular velocity tracking reward. A2 = 4
�4⇥l2

I , where lI is the current420

angular yaw velocity in the base frame and F2 = �0.5.421

• [Task Reward] Penalty on foot contact pattern violation. A3 = 1
4
Õ4
8=1 |28 � 2̂8 |, where422

28 , 2̂8 2 {0, 1} are the realized and desired foot-ground contact indicators for the 8-th foot,423

and F3 = �1.424

• [Sim-to-Real] Regularization on action rate. A4 =
Õ12
8=1 (0C � 0C�1)2 where 0C and 0C�1 are425

the controller’s output at the current and the previous time steps, and F4 = �0.005.426

• [Sim-to-Real] Penalty on roll and pitch angular velocities. We encourage the robot’s base427

to be stable during motion and hence A5 = l2
G
+ l2

H
, where lG and lH are the current roll428

and pitch angular velocities in the base frame. This penalty does not apply to ⌧ = BOUND429

and F5 = �0.05.430

• [Sim-to-Real] Penalty on linear velocity along the z-axis. Similar to the previous term,431

we use this term to encourage the base stability during motion. A6 = E
2
I

where EI is the432

current linear velocity along the z-axis in the base frame. This penalty does not apply to433

⌧ = BOUND either and F6 = �2.434

• [Natural Motion] Penalty on body collision. A7 =
Õ
 

8=1 {�8 > 0.1}, where �8 is the contact435

force on the 8-th body. In our experiments  = 8 (i.e., 4 thighs and 4 calves) and F7 = �1.436
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• [Natural Motion] Penalty on deviation from the default pose. A8 =
Õ
0C 2hip |0C |, where 0C ’s437

are the actions (i.e., deviation from the default joint position) applied to the hip joints, and438

F8 = �0.03.439

C Training Configurations440

C.1 Control441

We use PD control to convert positions to torques in our system. The bases value for the 2 gains are442

: ? = 20 and :3 = 0.5. Our control frequency is 50 Hz.443

C.2 Gait Sampling444

We randomly assign a gait ⌧ to a robot at environment resets, and also samples it again every 150445

steps in simulation. Of the 5 ⌧’s, some gaits are harder to learn than others. To avoid the case where446

the hard-to-learn gaits die out, leaving the controller to learn only on the easier gaits, we restrict the447

sampling distribution such that the ratio of the 5 ⌧’s are always approximately the same.448

C.3 Reinforcement Learning449

We use the Proximal policy optimization (PPO) [43] algorithm as our reinforcement learning method450

to train the controller. In our experiments, PPO trains an actor-critic policy. The architecture of the451

actor is introduced in Section 3.2.3, and the critic has the identical network architecture except that452

(1) its output size is 1 instead of 12, and (2) it also receives the base velocities in the local frame as its453

input. We keep all the hyper-parameters the same as in [41] and train for 1000 iterations. For safety454

reasons, we end an episode early if the body height of the robot is lower than 0.25 meters. Training455

can be done on a singe NVIDIA V100 GPU in approximately 15 minutes.456

C.4 Domain Randomization457

During training, we sample noises n ⇠ Unif, and add them to the controller’s observations. We458

use PD control to convert positions to torques in our system, and domain randomization is also459

applied to the 2 gains : ? and :3 . Table 3 gives the components where noises n were added and their460

corresponding ranges.461

Table 3: Domain randomization settings.
# Component Noise Range

1 Base linear velocities [�2, 2]
2 Base angular velocities [�0.25, 0.25]
3 Gravity vector in the base frame [�1, 1]
4 Joint positions [�1, 1]
5 Joint velocities [�0.05, 0.05]
6 : ? [�5, 0]
7 :3 [0, 0.25]
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D More Images from the Extended Tests462

“Good news, we are going to a picnic this weekend!”

“Back off! Don’t hurt that squirrel”

“Act as if the ground is very hot”

“Act as if you have a limping rear left leg”

“Go catch that squirrel on the tree”

Figure 8: Images from the extended tests. We show the command for each test on the top-left corner
on each row. LLM translated foot contact patterns are shown at the bottom-right corner in each
image. Motions better viewed in the supplementary video.
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