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Rethinking the Open-Loop Evaluation of End-to-End Autonomous Driving in nuScenes, arXiv 2305.10430
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0 105 ° Table 3: Open-loop and Closed-loop Results of E2ZE-AD Methods in Bench2Drive. Avg. L2 is
5 s averaged over the predictions in 2 seconds under 2Hz. * denotes expert feature distillation.
10 10 1 N .
5 5 Method | Input | Open-loop Metric | Closed-loop Metric
20 103 | | Avg. L2 (meter) | | Driving Score T Success Rate(%) T
25 » AD-MLP [51] Ego State 3.64 9.14 0.00
30 107 0 24 UniAD-Tiny [17] Ego State + 6 Camera 0.80 32.00 9.54
35 s UniAD-Base [17] Ego State + 6 Camera 0.73 37.72 9.54
40 10! 0 z100 VAD [27] Ego State + 6 Camera 0.91 39.42 10.00
“ 7 : TCP* [47] Ego State + Front Cameras 170 23.63 7.72
-25-20-15-10 -5 0 5 10 15 20 A0 s 20 a5 a0 5 0 5 w0 o1 o2 i TCP-ctrl* Ego State + Front Cameras - 18.63 5.45
(a) nuScenes [2] dataset drawn by [33]. (b) Bench2Drive Dataset TCP-traj* Ego State + Front Cameras 1.70 36.78 26.82
ThinkTwice* [25] Ego State + 6 Cameras 0.95 30.88 28.14
Figure 6: Distribution of ego vehicle’s future location. Bench2Drive possesses more turning DriveAdapter®( [23] | Ego State + 6 Cameras 1.01 4291 30.71

trajectories, indicating better action diversity and thus providing better training data and having less
gap between open-loop and closed-loop evaluation.

Bench2Drive#Ees B ZEARFHITAIS Bench2Drive#{iEss ELFHASIAIAE

Is Ego Status All You Need for Open-Loop End-to-End Autonomous Driving? CVPR 2024
Bench2Drive: Towards Multi-Ability Benchmarking of Closed-Loop End-To-End Autonomous Driving. arXiv:2406.03877
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CARLA: An Open Urban Driving Simulator. arXiv 1711.03938
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Figure 7: Bugged Rendering of CARLA.
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<routes><route id="1711" town="Townl2" >
<waypoints»

¢position x="-497.8" y="3672.9" z="364.9" /»
JEE‘/\P §§;<IFT <position x="-497.86" y="3678.9" z="364.8" /»
b <position x="-497.86" y="3668.9" z="364.8" />
N ’_}_,
¢ ft% éﬁj‘%%%ﬂ‘ Hb%ﬂk ¢position x="-497.8" y="36R6.9" z="354.8" />
¢position x="-497.8" y="3664.9" z="364.8" />
o si= ML 4 B . ey o
° Z 3 1 ]‘/ /TE %: <position x="-497.6" y="3662.9" z="384.7" />
<position x="-497.8" y="3668.9" z="364.7" />
cscenarios> <position x="-497.7" y="3658.9" z="364.7" />
<scenario name="ParkingCutIn 1" type="ParkingCutIn"» L. " N " " . "
<direction value—"left" /> ¢position x="-497.7" y="3656.9" z="364.8" />
<trigger point x="-497.7" y="3659.9" yaw="-98.2" z="364.7" /> sancition w407 TT w=TIASA 0T s-TIAA AT
</scenario>
</scenarios>»
<weathers:
<weather cloudiness="188.8" fog_density="18.8" precipitation="58.8" precipitation_depcsits="188.8" route_percentage="8" sun_altitude_angle="45.8" sun_azimuth_angle="-1.8" wetness="88.8"

<weather cloudiness="188.8" fog density="18.8" precipitation="56.8" precipitation deposits="188.8" routs percentage="18@8" sun_altitude angle="45.8" sun_azimuth_angle="-1.8" weitness="828.
</weathers>»
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DriveAdapter / leaderboard / team_code / roach_ap_agent_data_collection.py

| Code

94

o
684
685
606
687
688
689
618
611
612
613
614
615
616
617
618
619
628
621
622
623
624
625
626
627
628
629
63@
631
632
633
634
635

‘ Blame

899 lines (787 loc) -

48.8 KB

class ROACHAgent(autonomous_agent.AutonomousAgent):

SEVEU_LIual ., £] F= £.3 WUIISEC LiGEr £

actor_lis = self._get_3d_bbs(lidar=saved_lidar, max_distance=58)

pos = self. get position(tick_data)

theta = tick data[ compass']

speed = tick data['speed’]

weather = tick data[ weather']

data = {
‘x": pos[e],
'y': pos[1],
“theta’: theta,
"speed': speed,
*x_command_far': far_node[8],

: far_node[1],

far_command.value,

*y_command_far"
‘ command_far':
"x_command_near’': near_node[8],
y_command_near’': near_node[1],
* command_near ' :

*should_brake":

near_command .value,
should_brake,

"x_target': tick data['x_target'],
'y_target': tick_data['y_target'], 'target_command': tick_data[ 'next_command'],
‘weather': weather,

"acceleration”:tick_data["acceleration”].tolist(),
"angular_velocity":tick_data["angular_velocity"].tolist()
s

if self.is_local:
outfile = open(self.save_path / '3d_bbs® / ('%@4d.json' % frame), 'w')
json.dump(actor_lis, outfile, indent=4, default=np_encoder)
outfile.close()

outfile = open(self.save_path / 'measurements’ / ('%84d.json’ % frame), 'w')
json.dump(data, outfile, indent=4)
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def sensors(self):
sensors = [

# camera rgb

{
"type': 'sensor.camera.rghb’,
'x': 8.88, 'y': 8.8, 'z': 1.68,
‘'roll’: 8.8, 'pitch’': 8.8, "yaw':
"width': 1688, "height': %ea, 'fov':
'id': "CAM_FRONT'

{
"type': 'sensor.camera.rgb’,
'x': 8.27, 'y': -8.55, 'z': 1.68,
'roll': 8.8, 'pitch': 8.8, 'yaw':
"width': 1688, "height': %ea, 'fov':
"id’: 'CAM_FRONT_LEFT'

1

‘sensor.camera.rgb’,
8.55, 'z': 1.6@,

"type':
'x': 8.27, 'y':
'roll': 8.8,
‘width’: 1688, "height’
"id": "CAM_FRONT_RIGHT®

FE)

8.,

-55.8,

'pitch’': 8.8, "yaw': 55.
: 988, 'fov':

BEXE

o ZWMHWERERAERLE 7 IRH

def tick(self,
# control

input_data):

control = self.manager.ego_vehicles[B].get_control()

# camera_bgr

cam_bgr front = input_data['CAM FRONT][1][:, :, :3]

cam_bgr front_left = input_data[ "CAM _FROMT_LEFT' J[1][:, :, :3]
cam_bgr front_right = input_data[ 'CAM FRONT RIGHT']J[1][:, :, :3]
input_data[ "CAM _BACK" J[1][:, :, :3]
cam_bgr_back_left = input_data[ 'CAM_BACK_LEFT'J[1][:, :, :3]
cam_bgr back_right = input_data[ "CAM BACK_RIGHT' J[1][:, :, :3]
cam_bgr_top_down = input_data[ "TOP_DOWN® J[1][:, :, :3]

cam_bgr_back =

# radar

radar_front = input_data[ "RADAR_FRONT'][1].astype(np.floatls)
radar_front_left = input_data[ 'RADAR_FRONT_LEFT'][1].astype(np.floatls)
radar_front_right = input_data[ 'RADAR_FRONT_RIGHT'][1].astype(np.floatls)
radar_back_left = input_data[ RADAR_BACK_LEFT'][1].astype(np.floatls)
radar_back_right = input data[ 'RADAR_BACK_RIGHT'][1].astype(np.floatls)
# lidar

lidar = input_data['LIDAR_TOP']

lidar _seg = input_data[ 'LIDAR_TOP_SEG"]



{
"type': 'sensor.camera.depth’,
'x': -8.32, 'y': 8.55, 'z': 1.68,
‘'roll’: 8.8, 'pitch': 8.8, "yaw': 118.8
‘width': 1688, "height': 2@e, 'fov': 78,
"id’: "CAM_BACK_RIGHT DEPTH’

# camera seg

{
"type': "sensor.camera.semantic_segmentation’,
'x': ©.88, 'y': 8.8, 'z': 1.868,
‘'roll’: 8.8, 'pitch’': 8.8, 'yaw': 8.8,
'width': 1688, "height': oee, 'fov': 7@,
"id": 'CAM_FRONT_SEM SEG'

{
"type’: 'sensor.camera.semantic_segmentation’,
'x': 8.27, 'y': -8.55, 'z': 1.68,
‘'roll": 8.8, 'pitch': 8.8, 'yaw': -55.8,
'width': 1688, "height': 2@e, 'fov': 78,
'id": "CAM _FRONT_LEFT_SEM SEG'

IE]
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get_bounding boxes(self, lidar=None, radar=None):

results = []

ego_vehicle

npc = self.manager.ego_vehicles[8]

npc_id = str{npc.id)

npc_type id = npc.type id

npc_base_type = npc.attri Jlt’:\[ base ‘t"JE']
location =

rotation =

B

# center, extent =

verts = [v for v in npc.bounding_box.get
get_center_and_extent(verts)
from carla official

bb_cords = _bounding_box_to_world(npc.bounding_box)
world_cord = _vehicle to_world(bb_cords, npc)

from handcraft

extent = npc.bounding_box.extent

center = npc.
local_verts = calculate_cube_ve

transform().t

tices(npc.bounding_bex.location,

global_verts = []
for 1_v in local_ver
gV = ge ansform() .transform(carla. Location(l_v[@], 1
global verts.append([g_v.x, g v.y, g v.z])
HHRRHRHRHHER
ego_speed = self._get forward_speed(transform=npc.get_transform()

ego_brake = npc.ge
ego_matrix = np.
2g0_yau

road id = CarlaDataProvider.ge

control().brake

y(npc.get_transform().get matrix())

= np.deg

form(npc.bounding box.location)

RIS

CETT RS

world_vertices(npc.get_transform())]

npc.bounding_box.extent)

—v[21))

velocity=npc.get_velocity())

p().get wavooint(location}.road id

UehlcleTurnlnanute Tuwnlﬁ Ruuteﬁﬂ4 weatherlﬂ
UehlcleTurn1nanute_TuwnlE_RuuteElB_Weather25
YieldToEmergencyVehicle Town83 Routel48 Weatherl8
YieldToEmergencyVehicle Town84 Routel65 Weather7

camera expert _assessment 1lidar radar result.json

:||Il|
:||Il|
]|Il|
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Bench2DriveZoo / mmcv / datasets / B2D_e2e_dataset.py

| Code | Blame 855 lines (758 loc) - 37.4 KB

26
298
298
291
292
293
294
295
296
297
293
209
380
301
382
3@3
a4
3@5
386
a7
38
389
318
31
312
313
314
315
316
317
318
319

class B2D_E2E_Dataset(Custom3DDataset):
def get_map_info(self, index)
def get_map_info(self, index):

gt_masks = []
gt labels =[]
gt_bboxes = []

ann_info = self.data_infos[index]

town_name = ann_info[ town_name’]

map_info = self.map_infos[town_name]

lane_points = map_infeo[ 'lane_points']

lane_sample_points = map_info['lane_sample_points']

lane_types = map_info[ 'lane_types']

trigger_volumes_points = map_info[ 'trigger_volumes_points®]
trigger_volumes_sample_points = map_info[ 'trigger_volumes_sample_points']
trigger_volumes_types = map_info[ "trigger_volumes_types']

world2lidar = np.array(ann_info[ 'sensors']["LIDAR_TOP'][ 'world2lidar'])
ego_xy = np.linalg.inv{world2lidar)[@:2,3]

#1st search

max_distance = 188

chosed_idx = []

for idx in range(len(lane_sample_points)):
single_sample points = lane_sample_points[idx]
distance = np.linalg.norm{(single_sample_points[:,8:2]-ego_xy),axis=-1)
if np.min(distance) < max_distance:

chosed_idx.append(idx)

for idx in chosed_idx:
if not lane_types[idx] in self.map_element_class.keys()
continue
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Evaluation and metrics

The driving proficiency of an agent can be characterized by multiple metrics. For this leaderboard we have selected a set of metrics that help
understand different aspects of driving. While all routes have the same type of metrics, their respective values are calculated separately. The
specific metrics are as follows:

* Driving score: R; P, — Main metric of the leaderboard, serving as the product between the route completion and the infractions penalty. Here Ri is
the percentage of completion of the i — th route, and P4, the infraction penalty of the i — th route.

® Route completion: Percentage of the route distance completed by an agent.

® [nfraction penalty: H’;"d" St""(pf)#‘“&mi““i. — The leaderboard tracks several types of infractions and this metric aggregates all of these infractions

triggered by an agent as a geometric series. Agents start with an ideal 1.0 base score, which is reduced each type an infraction is commited.

When all routes have been completed, a global metric for each of the previous three types is also generated, being the arithmetic mean of all
the individual routes combined. The global driving score is the main metric on which you will be classified with respect to other
participants.

Besides these, there is one additional infraction which has no coefficient, and instead affects the computation of the route completion (R;).

e Off-road driving — If an agent drives off-road, that percentage of the route will not be considered towards the computation of the
route completion score.

Additionally, some events will interrupt the simulation, preventing the agent to continue. In these cases, the route which is being simulated
will be shut down, and the leaderboard will move onto the next one, triggering it normally.

* Route deviation — If an agent deviates more than se meters from the assigned route.
¢ Agent blocked — If an agent doesn't take any actions for 1se simulation seconds.
¢ Simulation timeout — If no client-server communication can be established in se seconds.

* Route timeout — If the simulation of a route takes too long to finish.

Collisions with pedestrians — a.50 .

Collisions with other vehicles — o.ce .

Collisions with static elements — o.65 .

* Running a red light — .70 .

* Running a stop sign — @.s0.

Some scenarios feature behaviors that can block the ego-vehicle indefinitely. These scenarios will have a timeout of 4 minutes after which t
ego-vehicle will be released to continue the route. However, a penalty is applied when the time limit is breached:

* Scenario timeout — 0.7

The agent is expected to maintain a minimum speed in keeping with nearby traffic. The agent's speed will be compared with the speed of
nearby vehicles. Failure to maintain a suitable speed will result in a penalty. The penalty applied is dependent on the magnitude of the spee
difference, up to the following value:

* Failure to maintain minimum speed — 0.7
The agent should yield to emergency vehicles coming from behind. Failure to allow the emergency vehicle to pass will incur a penalty:
* Failure to yield to emergency vehicle — 0.7
Besides these, there is one additional infraction which has no coefficient, and instead affects the computation of the route completion (R;).

* Off-road driving — If an agent drives off-road, that percentage of the route will not be considered towards the computation of the
route completion score.
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cmd = 'DISPLAY= bash ' + os.path.join(self.carla path, 'CarlaUe4.sh’}+f' -opengl -carla-rpc-port={args.port} -nosound’

 CARLAE 77 HIPA A BB N 7 /5 T WA E -
* Leaderboard: F# A&, A FTEANTFNEE, &%ﬁﬂflﬁﬁﬁ%éﬁ, 7
CARLA® fu# B2, ETHE, S EFRBEZRERGEEF,
* Scenario Runner: ZZE&4& T ANIAZHFFmEE RN R K E
trEBRLEGE, HRECARLAFERSEFR I L&
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Table 1: Comparison with related planning benchmarks. 1 . ® ! !

1

Benchmark | Sensor Closed-Loop E2E-Sim Expert Complex Multi-Ability-Eval | == == :

1 I

nuScenes [?] v X X v X X 1 I

nuPlan [2¢] v v X v v X : .

Waymax [ 4] X v X v v X :

Longest6 [7] v v v v X X :
CARLA LB V2[12] v v v X v X NN, T S~ T -
Bench2Drive (Ours) | v/ v v v v v 1. Unified & Diverse 2. Quasi-Realistic Scenario 3. Multi-dimensional
Large-Scale Training Set Closed-Loop (E2E) Evaluation Ability Assessment

Bench2Drive: Towards Multi-Ability Benchmarking of Closed-Loop End-To-End Autonomous Driving, submitted to NeurlPS 2024 dataset and benchmark track
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T E o5 2 35 B 31 2 B AE 28 https:/github.com/Thinklab-SJTU/Bench2DriveZoo

o Fmm#A % (mmcv/mmdet/mmdet3d) 4F H )% 5% F E#TRE, BRERXEF
ERBEEEE, F®ATRF|Pytorchii 4 (FA2/ThunderKittens in UniAD)

o PR BE6ANHI L B Sw B 30 B I 7 iE M FE AT, B 5 UniAD/VADTE CARLA Y Zr+3F Il X 2

Table 4: Multi-Ability Results of E2E-AD Methods. * denotes expert feature distillation.

Method | Ability (%) T Method mAP  NDS Config Download
| Merging  Overtaking Emergency Brake Give Way  Traffic Sign | Mean
AD-MLP [51] 0.00 0.00 0.00 0.00 0.00 0.00 BEVFormer-Tiny 037 043 config =~ Hugging Face/Baidu Cloud
UniAD-Tiny [17] 4.11 12.50 14.54 10.00 18.54 11.94 . 3 : . .
UniAD-Base [17] 9.46 12.50 20.00 30,00 23.03 19.00 BEVFormer-Base = 0.63 0.67 config = Hugging Face/Baidu Cloud
VAD [27] 0.13 17.50 14.54 30.00 25.55 20.02
TCP* [47] 8.70 10.00 7.27 10.00 7.95 8.78
TCP-ctrl* 8.57 10.00 3.63 0.00 7.95 6.03
TCP-traj* 24.29 15.00 29.09 50.00 51.67 34.01
ThinkTwice* [25] 26.44 17.50 32.12 50.00 53.65 35.94
DriveAdapter™ [23] 29.23 20.00 34.71 50.00 57.21 38.23
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v\ % % CARLA
Setup

e Download and setup CARLA 0.9.15

mkdir carla

cd carla

wget https://carla-releases.si.us-east-085.backblazeb?.com/Linux/CARLA &.9.15.tar.gz

tar -xvf CARLA 2.9.15.tar.gz

cd Import && wget https://carla-releases.s3.us-east-885.backblazeb?.com/Linux/AdditionalMaps_@.
cd .. && bash ImportAssets.sh

export CARLA_ROOT=YOUR_CARLA_PATH

echo "$CARLA ROOT/PythonAPI/carla/dist/carla-8.9.15-py3.7-1linux-x86_64.egg" >> YOUR_COMNDA PATH/

v TEEER

* The datasets has 3 subsets, namely Mini (10 clips), Base (1000 clips) and Full (10000 clips), to accommodate
different levels of computational resource.

s Detailed explanation of dataset structure, annotation information, and visualization of data.

Subset Hugging Face Baidu Cloud Approx. Size
Mini Download script Download script 4G
Base Hugging Face Link ~ Baidu Cloud Link 400G

Full Hugging Face Link Uploading 47
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Download Bench2Drive

Download our dataset from (LINK) and make sure the structure of data as follows:

Bench2DriveZoo

—
I— data/
I— bench2drive/
| |— vl/ # Bench2Drive base
| | — Accident_Town@3_Routel@1_Weather23/

| | — Accident_Town@3_Route1@2_Weather20/

] | = cac

| L maps/ # maps of Towns

| F— Town@1_HD_map.npz

| — Town@2_HD_map.npz

|

l_ P
I— others
| L b2d_motion_anchor_infos_mode6.pkl # motion ancheors for UniAD
- splits
L bench2drive_base_train_val_split.json # trainval_split of Bench2Drive base

v\ & FinuScenes—style ##E Epickle

Prepare Bench2Drive data info

Run the following command:

cd mmcv/datasets LD
python prepare_B2D.py --workers 16 # workers used to prepare data

The command will generate b2d_infos_train.pkl , b2d_infos_val.pkl, b2d_map_infos.pkl under data/infos . Note: It will take about 1 hour
to generate all the data with 16 workers
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v ZEUniADIE

Bench2DriveZoo / docs / INSTALL.md (&

% zhiyuanzzz Polish documents 376505 -3 ¢

Preview | Code Blame 55 lines (47 loc) - 2.15 KB Ra

Follow these steps to install the environment

« STEP 1: Create enviroment

conda create -n b2d_zoo python=3.8 =]

conda activate b2d_zoo
* STEP 2: Install cudatoolkit

conda install -c "nvidia/label/cuda-11.8.0" cuda-toolkit @
+ STEP 3: Install torch

pip install torch torchvision torchaudio --index-url https://download.pytorch.org/whl/culls @
« STEP 4: Set environment variables

export PATH=YOUR_GCC_PATH/bin:$PATH i)

export CUDA_HOME=YOUR_CUDA_PATH/

* STEP 5: Install ninja and packaging

v' )| % BEVFormer

BEVFormer

Train

#train BEVFormer base
./adzoo/bevformer/dist_train.sh ./adzoo/bevformer/configs/bevformer/bevformer_base_b2d.py 4 #N_GPUS
#train BEVFormer tiny
./adzoo/bevformer/dist_train.sh ./adzoo/bevformer/configs/bevformer/bevformer_tiny_b2d.py 4 #N_GPUS

Open loop eval

]

#eval BEVFormer base
. /adzoo/bevformer/dist_test.sh ./adzoo/bevformer/configs/bevformer/bevformer_base_b2d.py ./ckpts/bevformer_base_b2d.pth 1
#test BEVFormerr tiny
. /adzoo/bevformer/dist_test.sh ./adzoo/bevformer/configs/bevformer/bevformer_tiny_b2d.py ./ckpts/bevformer_tiny_b2d.pth 1
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v % UniAD
UniAD

Train stagel

#train UniAD base ﬂ;
.fadzoofuniad/uniad_dist_train.sh ./fadzoo/uniad/configs/stagel_track_map/base_track_map_b2d.py 4

#train UniAD tiny

.fadzoofuniad/uniad dist train.sh ./adzoo/uniad/configs/stagel track map/tiny_ track map bZd.py 4

Train stage2

#train UniAD base
.fadzoofuniad/uniad_dist train.sh ./adzoo/uniad/configs/stage2 ele/base _ele b2d.py 1
#train UniAD tiny
.fadzoof/uniad/uniad_dist train.sh ./adzoo/uniad/configs/stage2 ele/tiny_ele b2d.py 1

Open loop eval

#eval UniAD base ﬂ;
.fadzoofuniad/uniad_dist_eval.sh ./fadzoo/funiad/configs/stage2_e2e/base_e2e_b2d.py ./ckpts/uniad_base_b2d.pth 1

#eval UniAD tiny

.fadzoofuniad/uniad_dist_eval.sh ./fadzoo/funiad/configs/stage2_eZe/tiny_e2e_b2d.py ./ckpts/uniad_tiny_ b2d.pth 1
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v fEHEUniADTECARLA # By agent

Link this repo to Bench2Drive

# Add your agent code L;I
cd Bench2Drive/leaderboard
mkdir team_code

1n -s Bench2DriveZoo/team_code/* ./team_code # link UniAD,VAD agents and utils
cd ..

1n -s Bench2DriveZoo ./ # link entire repo to Bench2Drive.

Bench2DriveZoo / team_code/ (3

o, zhiyuanzzz Update uniad_b2d_agent.py and vad_b2d_agent.py

Name Last commit message

..

(3 pid_controller.py add uniad/vad codebase

(3 planner.py add uniad/vad codebase

(9 uniad_b2d_agent.py Update uniad_b2d_agent.py and vad_b2d_agent.py

(Y vad_b2d_agent.py Update uniad_b2d_agent.py and vad_b2d_agent.py
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* Multi-Process Multi-GPU Parallel Eval. If your team_agent saves any image for debugging, it might take lots of

disk space.

# Please set TASK NUM, GPU RANK LIST, TASK LIST, TEAM_AGENT, TEAM CONFIG, recommend GPU:Task(1: (&

bash leaderboard/scripts/run_evaluation multi.sh

v () RftFEER

* Visualization - make a video for debugging with canbus info printed on the sequential images.

python tools/generate video.py -t your rgb folder/
\ SN \\
v 1+ H /é\ 7
* Metric

# Merge eval json and get driving score and success rate

python tools/merge recute json.py -f your json_ folder/

# Get multi-ability results
python tools/ability benchmark.py -r merge.json
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