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What do we mean by

Types of properties to verify

Project Aim _ _
economic mechansisms?

Economic mechanisms are pro-

Develop automated techniques for verifying Examples: Basic well-formedness Incentive compatability

cedures that allocate various

various properties of economic mechanisms

kinds of goods to a set of
agents, which are algorithmic = Good exchange

in style, and may involve ~ Agent matching Fairness guarantees Efficiency guarantees
participation of the agents. = Good allocation

= Auctions

Verification challenges Scientific Impact...

Example cake-cutting protocol: of the project as a whole:

o prels e Seiing segLies Envy-free cake-cutting protocol for 4 agents

H H Algori
Its own solution N .
1: while some agent i does not dominate two other agentsInput: ~ Specified cutter agent (say agent 4) 18: if exactly one piece has exactly one trim then {TheInput: An outcome of a core protocol in which one agen
and t| is sti e unallocated cake do Output: Partial envy-free allocation. trims look like i|ijk|jk|} (say agent 4) is nother specified agent (saj
2. Ru ocol (Algorithm [3) 4 times on the 1: Agent 4 is asked to cut the cake into 4 equal value pieces. 19:  if the agent who trimmed it views it as his most pre- agen ce.
unall i r. Return at any 2: 2,3 are asked to give thei lues for the 4 ferred then Output: icl agent gets a piece O O
poin e the complete piece to him. equal e e core protocol - -
18 et s S Formalization of Characterize mechanism Formal assurance of
3 if n most pre then i eone for the piece an
piece the 4 e core pr e each agent in {1,2,3} a most pr ed (com-22: o trim his first most preferred to equal his
4 Identify in which call of the protocol, the non-cutter  plete) piece and the remaining complete piece to the second most preferred piece. L. Tf the agent who made the second rightmost trim .
. . . agents get less bonus than the sum of bonuses in the  cutter (agent 4). 23:  end i on agent 2's piece is agent 1. then we can simpl =
Tvpicallv no pre-existing formal fher cal of the core protocol {sce TableT) 5 b he anvy-fre alloation. 24 The pieces are allocated up 1o the second rightmost gent 2 pice i agent 1, then we can simply echanisms as programs correctness proof structure mechanism correctness
5: Impl llocation via the Per ion Proto- 6: end if trim to the agents who trimmed them most. If 2 pieces permute agents 1 and 2 1.e., exchange their pleces. l I l l I l I I I
col (Algorithm 4) for pieces allocated by this particular 7: Agents 1,2,3 are asked to trim the left hand side of  were trimmed most by the same agent, he decides which 2. If the agent who made the second rightmost trim
call of the core protocol where i is the cutter and j gets  their most and second most preferred pieces to make  to get and the other is given to the agent who trimmed on agent 2's piece is agent 3, then w¢ move 3 t
the significant piece. them (the right side of the trim) equally valuable as  that piece second most. agent 2’s piece. Agent 2 can be given 1’s (trimmed)

iece. Agent 1 can be given one of the complete
ieces (which was given to 3 or 4). Agent 4 can be

semantics

end if their third most preferred cake piece. 25:  Give the last unallocated piece completely to the cut-

P
ocol in the unallocated cake if some cake 8: if no piece has exactly one trim then ter (agent 4). pi
9:  if we are in a case given the remaining complete piece.

y 2 pieces have exactly one trim then {The 2: else if agent 2 was in possession of a complete piece for
}1: like jklik|ilj} which he was not competing with another agent then

pieces with exactly one trim completely to

{1,2,3} who trimmed them if it is their 1. If 2's piece is the piece such that agent 1 trimmed

up to that value in the core protocol, then simply
trimmed a piece with a single trim but permute 1 and 2.
hat piece most are asked to re-trim their 2. If 4 is holding the piece such that agent 1 trimmed

i Secol Gl e
o tri re! ual his thir ce up to their second most preferred up to that value in the core protocol then we simply
mos . e ms up to their piece. Their trims to make them equal to their third move 4 to 2’s piece since it is a complete pi and [
. . cation and unallocate; 0 ! ] oferred g i 1 gets 4’s piece. Agent 2 is given 1’s pi .
R h eake, such that cach aeon o third most preferred ignored. The effective  most preferred ignored from now on. ‘ agent 1 gets 4s piece. Agent 2 is given s piece.
eq uires reasonin g abou (@) el wha each agent 4o rims look as follows el 30 The right hand side of the two picces with the w0 3 115 has a complete pioce such (hat agent 1 trimmed .
. Then if j does not have the rightmost trim in both pieces  trims are given to the agents with the rightmost trims. up to that value in the core protocol and 3 is indif-
" agents say 3 and 4. then the right side of each piece with two trims is given ~ The pieces are allocated up till the second rightmost ferent between two pieces among his top 3 pieces,
. . if 2 also ates 3 and 4 then to the agent who trimmed it the most. The ve trim. If the 2 pieces we mmed most by the same then 3 can be given another complete pi such
a e n t refe re n Ces a n d b e h a V I O r 3 an divide the remainder by Divide anq  UP till the second rightmost trim. The re t  agent (agent k), he chos ich to get and the other that he trimmed up o the value of that p of ei-
g p g Y picks his most omple iece is g tlsect:néi most. N ther 2 and 4. Agent 1 can be given 3's piece. Agent
: i i n e. ocated a piece, he 2 gets 1s piece and 4 gets the remaining complete
4: else if 2 does not dominate 3 and 4 then o closif o o et re mong the two unallocated icce.
5: it dominates 1 and one of 3 and 4 say 4. ot co Pisces
Si i 9 dominates 4 then ) . 1im) to i is given32: ive the last unallocated piece completely to the cut- 3¢ end if
T give all the remainder to 4 (since everyone domi-
es 4).
8: leQe l]f 3 does not dominate 4 and hence dominates 1 ieces have exactly one trim then
. - un: , 5. The trims look like 1|2|3]123.
9. then let 4 cut the residue into four equally preferred | 5. end if 36:  If an agent most prefers the piece where he made a

. . . d
pieces, ang ag§nts 1,2,? pick their most preferred re- 14:  end if single trim, give him that complete piece. . 7 =
maining piece in that order. 15: else if we are in a case ijklijk||| where {i,j,k} =3T: The ones who most prefer the piece with the three e u Ce C a e— C u tt | n g O rl I l a y Ve rl I e e n Vy_ ree n -

i
. i‘l)f e"fif if 3. trims (call it a) compete for it by trimming up to their
¢ end § § ) 16: sk each agent in {1,2, 3} to trim this first and second  second most preferred piece. trims to make them a
echanisms are often complex eyt s ot e b o S i e e o eveloped tformal semantics
and side to the value of osf jece.38:  Cut a at the i , and then allocate -
ach agont is given the tup till @ to whichever med it most. The other agents roto COl Correctness to ess Of man roto Cols INC-
d d . ff. | t t d o b secon i agent has the get their second most preferred complete piece. ]

ses which piece39:  Give the cutter (agent 4) the remaining complete

e - for cake-cutting protocols . _ _ .
el B e o s e linear real arithmetic luding one for four agents

H Aziz, S Mackenzie (2015)

Slice: a language for cake-cutting

Found in PLDI'23 and CAV'24 proceedings

What is cake-cutting? Example: Cut-Choose let m = markl (Ca ke; 1/2) In Cut-Choose is envy-free: Slice verification results

|et ?:1 ’ 2:2 — d IVIde(Ca ke:, m) In Program size Formula size  SMT solving time

Protocol
: . . Neither agent prefers what the (lines) (lines) (s)
if eval,(4,) > eval,(iy) then

Cut-Choose 6 35 0.00

Cake-cutting aims to divide an In this two agent protocol, one

infinitely divisible good among a set of agent cuts the cake into two other received to what they

. . . . . . . . . Surplus 11 56 0.00
agents in a fair way. In this setting, equally preferred pieces, while the (22, Zl) received. WacteMakee Hacte 3 . . 005
aste-Ivliakes-rlaste- .
agents have measure-like preferences other agent takes their preferred else Selfridge-Conway-Surplus " 79 001
over the Cake, and are not in general piece. Selfridge-Conway-Full 21 08292 0.46

the same preferences for all agents. (Zl : 742) Aziz-Mackenzie-3 23 8086180 6.82
Waste-Makes-Haste-4 290 157553237 82

Slice verification pipeline

Slice program Formula encoding desired program property Equivalent linear real arithmetic formula

let m = mark, (cake, 1/2) in vV, V, : Piece — [0, 1]. Vo, by, 13m0 b1, 41 2 €0,1].

let 4y, i, = divide(cake, m) in Formula translation Formula reduction SMT
if eval,(i,) > eval, (i) then v (I 179 . V. (cak / 1/9 / . I
(’iz, Zl) (Sound and complete) 1( 1) — / : 1(Ca e) . V1(11> > ‘/1(12) (Sound and complete) m—=~L£,1 = / . (m —Lm,1 + 1 - 1’1> N m _”em,l >1 _El,l Solver
else Va(ly) > Vo) Vo(1y) > Vo(Ih) L—tlyo>m—"L,, 1=l >m—t,,
(Z.la iQ) - J/ (N )
Y Y
Formulas that hold when Encoding that the

running the program allocation is envy-free

Broader Impacts

Several economic mechanisms are

This project has supported:

This project aims to:

used in practice!

Some examples:

Increase trust in economic mechanism = A PhD student

= Kidney exchange
y g = Two undergradute research projects

correctness or find errors
= Medical resident matching

= Telecommunication spectrum auctions And hopefully more students to come!

Produce tools for developing formall _ _ o
PE / We are also starting to discuss applications

verified implementations of mechanisms _ _ o _
of Slice with fair division researchers in

Cornell ORIE and elsewhere.
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