Projected Coupled Diffusion for Constrained Joint Generation
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TL DR Multi-Robot Motion Planning Image Pair Generation
Projected Coupled Diffusion (PCD) is a training-free inference-time framework App. #1: Generate collision-free robot trajectories with velocity constraints. App. #3: Faces w/ age-group contrast & facial attribute constraints.
enabling pretrained diffusion models to generate correlated samples subject to Collision avoidance coupling costs: Age-group Contrastive Coupling cost:
hard traint fied at test-time. '
P{gD constain S SIS Ia oo Ilm.e n n | vtical i c(X,Y) = Arobo " Crobo (X, Y) + Agbst * Cobst(X,Y) A latent age-group classifier predicts p(a|X) for a € {Young, Old}.
. promotes inter-sample correlations through (neural or analytical) coupling Obstacle cost follows MPD (Carvalho et al.) using signed The XOR cost encourages one to be young and the other old:
cost functions and enforces test-time hard constraints via projection. distance to the closest obstacle.
« PCD can be broadly applied in domains including robot manipulation, multi-agent Inter-robot collision cost uses one of the following: cxor(X,Y) = — z p(alX)(l — p(alY)) + p(alY)(l — p(alX))
motion planning, and correlated yet constrained image generation. cig = — 27 log(IXy, = Vull + @), a>0 a€{Y,0}

, N M¥  Minimizing cxor pushes the pair toward opposite age groups.
- ~ w }4& csup = Zh=1(1IXp = Yall < 7]+ (r = 1Xp = YD)", 7> 0 (a) Exemplars

Why coupling and projection combined? ADMM—based projector for velocity constraint:

The projection is formulated as a convex optimization: Exemplar-based Projection with Mirror Descent:

Training/Retraining joint models over correlated variables is costly and inflexible. A practical . . .
. . . . . : _ For each model, encode structurally similar exemplar images via VAE and form a
alternative models marginals independently and couples them at test time, but coupling alone miny HX XHF _ o _ _

convex hull as the feasible region in the latent space. At each diffusion step,

cannot enforce hard constraints. PCD joins coupling and projection: coupling promotes inter- Task Demonstrations s.t. ||xg — X1l < vipax At
variable correlations via cost functions, while projection enforces hard constraints. ”Xh — X1l < vpax At h=2,..,H project latents onto this convex hull via mirror descent.
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A motivating toy example: Two 1D blocks (sizes 6 & 2) must fit in a corridor of #1: Sensitivity to Coupling Strength y
L oo . . Task Conveyor, 4 Robots Task Highways, 4 Robots
length 9 minimizing overlaps. Each center is sampled from a Gaussian score model. METHOD \ Metre  SU(®)T RS CS ()1 DA SU@)T RSt CS(%)1 DA? » Higher y in general improves correlation metrics such as robot safety (RS)
i . . . - Max Vel. =1.21 Max Vel. = 0.878 . . .
» Conditional generation: Generate one block first, then the other block conditioned I DITUSER  Lno OT4xon (Slars Garn, Bhisg Tiees) (o 0n Ban o) Boo st (Thuus Surr Bear o) (oo BasLon L) or trajectory diversity (DTW/DFD) but degrades data adherence to the
. . . . . . aye MMD-CBS* 79+41 .99+ .10 0.+0.,0.40.,0.40.,0.10. 994 10,.96+ 20,.99+ .10, .994.10) 10010 1.10. 68+ 47,64 +48,63+48,65+48 98+ .14,.96+ .20, .97+.17, .99+ .10 o ] i ] ] L
on it via guidance. One block ignores the other, leaving high overlap probability. R oy i, o1 (el tand (Tt e o L SO IGRY Gle original pretrained distribution (DA/TC). Sensitivity to values depends on
° 1 . " " CD-SHD (w/o proj.) 100;0' 1.;0, .078;2'8, .047;2,2, .039;2_, .023;1,5 .98;,14, .98;,14, .98;,13, .98;,13 10040 1.4.012 35+48,35+48, 36448, 39+48 1.+ .07,.98+ 15, 1.4.07,1.4.044 . . . .
Mutual coupling: Both blocks mutually influence each other, pushing them to — 9512 Bdrse  (100:0,100:0,10050,10050)  (80: .10, 8Le 0,805 u0,.T9541) 10050 96220  (100s0,10050, 10010, 1000) (_%6,,%ﬂ,.ggm_ggi_ogs)l cost function instances; PS variants appear to offer a better tradeoft.
Opposite Sides With Iower Overlap, but the Corridor boundary Caﬂ be VIOIated_ PCD-SHD 10040 .93+ .26 (100+0, 10040, 10040, 100+0) (914 28,.90+ 30,.90+ 30,.89+.31) 10040 1.+.063 (100-+0, 10040, 1000, 100+0) (.981.13,.961,19,.991,12,.991,076. . Bottom”ne iS that ’]/ never affects Constraint Satisfaction (CS)_
The PrOJected Cou pled DIfoSIOn (PC D) Framewo rk D Ive rSIfyI ng Object Man I pu Iatlon SOI utlons jz: ;/Ia_xv:rI:jc.izilﬁy.Z;ProjectionADMM ;ZZ ;/Ia_xv:rI:jc.iZ::I.Z;ProjectionADMM oo Max Velocity 6.2; Projection ADMM - Max Velocity 6 .2; Projection ADM M -2 : f:; |
6.001 -4 ng—PS /3/ 0:80 ot BEE_PS ) /' z::z i saseline B o -;=z‘..<:;; 2 Z::: i. only
Diffusion sampling from an LMC perspective: App. #2: Generate diverse motions for robotic object manipulation. ol B T | pom | NiE ‘ l __________________________________
Given a learned score s =~ V, logpy(x), Langevin Monte Carlo (LMC) iterates as: 3 . & / | e S
—_— 0 .....'-, N ¢ . Dat Adhere:ce (DA)
Xt.l_l - Xt + 5 SX (Xt, t) + EX’t E % ))((2 @. Qx% ); Q% _{ i -MaxVeIocityO.7;ProjectionADMM“ 1 5. Max Velocity 0.878; Projection ADMM
% R #2: Support Overlap ” e | " L —" 2111101
Coupled LMC via a coupling cost function: « PCD assumes that the feasible region of the o S R -
Xpr1 = X, —y-6V,,c(X,Y,) + 6 sg (X, t) + Ex ¢ test-time constralnts.has an ove,rla[_) w!th t_he S R
o banT Tack L\ DP Op o 0 CD (w/o nros PCD (Ours) support of the pretrained model’s distribution. V V
Yt+1 — Yt — VY- o) Vy C(Xt, Yt) + 4 SY (Yt: t) + gY,t (a) Pus as (b) (c) + projection  (d) (w/o proj.) (e) urs
Posterior cost variant: Spatial-temporal diversity coupling costs: METHOD  DTW1 DEDT CS(%)t  TC? #3: Runtime Scalability
coc(x, v, 1) = C(X L 52 97 4 g2 S(p) * Log-barrier (LB): same as App #1. DP 3.2 .47  (65,65) (.93,.93) « Time complexity: Runtime scales linearly with number of agents N, number of
PS\X, Y, t Xt =X 7t Y.t 7y » Determinantal Point Process (DPP) cost: DP + proj. 3.0 .43 (100,100) (.90,.89) projection iterations, and number diffusion steps T.
_ v v CD-DPP 3.7 .54 (63,62) (.92,.92) * Projection takes up a major part of the runtime. Efficient projectors are crucial.
Projected Coupled Diffusion (PCD): copp(X,Y) = log(cos(X,Y) + &) CD-DPPPS 15 65 (3757) (9192 ) b amajor p Pro)
] Where X, Y are flattened trajeCtorieS and (('.: > 1. CD—LB 41 60 (59’ 59) (917 91) Task: Highways Task: Conveyor Task: DropRegion
Xey1 = I, (Xt —y- 6V, c(X, V) + 6 5)9( (X, t) + gX,t) Constraint: CD-LB-PS 45 .65 (59,59) (.92,.93) e imerte e Pt / E. _.IE\
, o ' PCD-DPP 46 .64 (100,100) (83,.83) g ol o aml: - W [Discuss further?
Yy = gy (e —v-6 Vy c(Xe, Y;) + 68y (Y, 0) + £y ¢) Velocity constraint on the end-effector (EF) of a robot  PCD-DPP-PS 4.4 .62 8887 iggg Egg igg = B BRIl =one| 10 W W 2 =
where Ky, K, are the nonempty feasible sets and the projection is defined as arm, enforced by ADMM projector (same as App #1). PCD-LB-PS 44 .62 (100,100) (.89, .88) =i =< = haoluan@
. comp.nus.edu.s
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ZEK x PCD is effective in both promoting diversity and enforcing test-time EF velocity constraints. L et e gt P s \_ Code )




