A APPENDIX

A.l1 D, — A TIGHTER RESULT FOR
LOG-SUPERMODULAR MODELS

In the main paper, we prove that clamping always improve
D, for general models, and this naturally implies the
same result for log-supermodular models. In that proof,
we derive the fact that A; > Z;. Here we provide an
auxiliary proof for log-supermodular models, and the
purpose of this proof is to stress a stronger result in this
special case, i.e., A; = Zl We consider multi-label log-
supermodular models for D . In this case, one relaxation
of D, reads as following [23]],
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We can obtain the upper bound of Z(f;;), denoted
by z, using L-FIELD. Because submodular functions
are closed under clamping, i.e. f is submodular so are
fk (seee g [24]! Obviously Z(f) = >, Z(f41x1) <
> Z,, hence >, Z; is an upper bound for the partition
function.

Theorem A.1. For multi-label log-supermodular models,
i.e., when f is submodular, we have Zl Z; < Z, where k
is of arbitrary choice.

Following the same path, we first decompose the objective
used in the optimization problem for solving Z as follows:
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>Typically fiy, is defined as fi;(x) = f(x + ex,) —

f(ex,1) to make sure that f15; is normalized as fyx,(0) =0,
but this is of course w.l.o.g.
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The following lemma says that VI, A; = 21, hence Z >
> A1 = >, Z;. Note this is a stronger result compared
to the proof for the general case.

Lemma A.2. A, = Z

Proof. This is equivalent to proving that log A; = log 21.
Later we will show that log A;, the minimum of —s; +
> ian log Ele(l + e %) for s € B(f), can still be
achieved if we fix s, ; = f(ey,). If this is true, we can
replace s, ; with f(e;) in B(f) and get the following
explicit form.

Vx € {0, 1}NL,Xk7l = O,XTS + f(ekJ) < f(X + ekJ)
vx € {0, 1}VE xp = 0,x7s < f(x)
(1—er)s+ flexs) = f(1)

Notice that the second constraint is redundant, because the
first inequality requires Vx € {0, 1}V, x;; = 0,xTs <
f(x+ep)—f(ery) and f(x+er ) — f(er) < f(x) by
submodularity, and for the same reason the last equality
fulfills the second inequality when x = 1 — ey, ;. Thus
we can remove the second constraint in above inequality
system.

Now we write the explicit form of B(f1,) as follows.

{vx € {0,138 x,,, = 0,xTs < f(x +ex) — fe™1)

(1—er)"s = f(1) — flers)

Observe that this is the same as B(f) N {s | sx,; =
f(ex,1)}. Hence the feasible regions of two minimization
problem are exactly the same. Furthermore, since we
fix sp; = f(eg,u), the objective of log A; changes into

—fler)+> i logzj 1(1—|—e“5lﬂ) which is also the

same as the objective of Zl Therefore, log A; = log Zl,
which implies A; = Z;. O
Lemma A.3. By adding si; = f(ex;) to the con-

straint set, the optimal value of the optimization problem

Milsep(f) =8k, + Ziy&k log ngzl (1+e7%9) does not
change.



Proof. First we define g(s) = >, log Z]L:l(l +
e~ %) — sp, ;. Then we have
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Hence it is easy to see exchange A > 0 between s; ;
and sy, i.e. SZ.J = sk + As;; = sij — A, can
only decrease the objective. Therefore, given optimal
solution s*, we can get a solution at least as good as
s* by setting s}, ; = s;; + Aand s ; = s}, — A for
arbitrary (i, j) # (k,1). We can exploit this property to
change s, ; into f(ey ), but we need to guarantee that
every exchange results in a feasible solution. Hence we
need to deal with exchange capacity é(s; (k,1),e') =
min{f(14) — 14s,VA D (k,l),e’ ¢ A} (¢ denotes
the element-label pair to exchange with (k,1), 1 4 is the
indicator vector for set A). Let Se- U {(k, 1)} be the set
that achieves ¢é(s; (k,1),e'), we know ¢’ ¢ S, U {(k,1)}.
We propose the following procedure exchange, and we
will prove later this algorithm will make s}, ; = f(ex,1).
Since we already proved that exchange always results in
better solution, this will finish the proof.

procedure exchange():
Initiate U = [N] x [L]\ {(k,1)}, s = s*;
While U # 0
Arbitrarily pick ¢’ € U;
Sk,1 < Sk + E(s; (K, 1), €");
Ser — Ser — C(s; (K, 1), €');
U=UnNSe
end;

We first show that after one exchange with ¢’ the
new modular function s’ is tight at S.. U {(k,1)}, i.e.,
1§8/U{(k7l)}8/ = f(lsefu{(k,l)})~

Sp1 = sk + E(s;(k, 1), €)
= si1+ F(Ls,u(kn}) = 18, 08
= sk + f(Ls, ufrny) — 158,5 —sge - (10)
= f(s, umny) — 15,5
=15, oS = F(Ls, u1kny)

Because s’ is tight at S.; U {(k, 1)}, the element picked
next round must be the element in S,/ such that the next
exchange also results in a feasible solution, otherwise the
next exchange will break the tight upper bound for s’ at
Ser U{(k,1)} since we only increase sj, ;. This is why we
let U = U N S, in the algorithm. It is also obvious that
once s’ is tight at S.s U {(k, )}, it will always be tight at
Ser U{(k,1)}. Moreover, notice that e’ ¢ S, bute’ € U,
hence the intersection operation always strictly decreases

the size of U in each round. Therefore, algorithm will
terminate and U will definitely turn into (). The final U is
NerSer, hence Ner (Ser U{ (K, 1) }) = (Ner Ser )U{(k, 1)} =
{(k,1)}. Since the final s’ is tight at each S, U {(k,1)}
and it is well-known result that the intersection of tight
sets is also tight. Therefore the final s’ is tight at {(k, 1)},
i.e. s, = f(ex,), which completes the proof. O

A.2 THE LOWER BOUND FOR BINARY
LOG-SUPERMODULAR MODELS:
CLAMPING ALWAYS HELPS

Moreover, in [|6]], the authors also use the properties of
submodular functions to obtain lower bounds on Z for
binary log-supermodular models. Likewise, clamping can
only improve the lower bounds.

Since we are only concerned with binary models, we
change to the set notation for energy function to be
in line with [[6]. We denote the energy function by
F : 2V — R" where V.= {1,---,N} is the
ground set of all the elements. We notate two op-
erations that preserve submodularity, (a) contraction:
Fx(A)=F(XUA)—-F(X),ACV\X, (b) restric-
tion: FX(A) = F(A),AC X.

From the proof of Lemma 4 in [6]], we know that by op-
timizing over bar supergradient, we can derive a lower
bound of the log-partition function as follows,

log Z(F) = max —F(X) + Y _ log(1 + 7= F\iD)
XevV jex
+ Z log(1 4 e Ty,
jgx

(1)

After clamping ¢, we also apply this method to get the
lower bound for Z(Fy;;) and Z(FV\{%}), denote them

by Z1(Fy;y) and Z;(FV M) respectively. It is obvi-
ous that Z(F) = e~ F{i}) . Z(Fy) + Z(FV\{Z‘}) >
e P EL(F{i}) + Z,(FVYM, so if Z,(F) <
e~ F{i}) . QL(F{i}) + é\L(FV\{i}), then e~ FUi}) .
ZAL(F{i}) + ZAL(FV\{i}) is a better lower bound.

Theorem A.4. ZA’L(F) < e F) . §L(F{i}) +
2, (FV\,

Proof. We take the exponent of logZ,(F),
then Z.(F) =  maxyeye FX) [Liex(@ +
eF(V)—F(V\{j}))ngX(l + e FWH). We split it
into two cases. First, if i € X*, where X* is the optimal



element set for bar supergradient, we know

ZAL(F) = maxe FX) H (1 + eFWM=FVALD)Y.

Xev
JEX\{i}
(14 FV)=F(V\{ih) H (14 ¢ FUID)
Jgx
= —F(X) FWV)=FV\{1)y.
max e H (1+e )
FEX\{d}
H (14 e FUIDY 4 FVI=FIVEH-F(X),
Jgx
H (14 FVI=FOALD) H (14 e FUID)
JEX\{i} J¢X
:=max A; + B;.
Xev

(12)
Otherwise, if i ¢ X*

Z(F)= max e ') H (14 FVI=F\GD).

Xev\{i} iex
H (1+ efF({j}))(l + efF({i}))
jgxu{i}
_ —F(X F(V)—F(V\{j
_Xg/a\)%i}e ( )]g((1+e (V)=F(VALID).
H (14 ¢ FUIDY 4 o~ FE)-FHD),
jEXU{i}
H (14 FVI=F(\ID) H (14 ¢ FUID)
jeX jgXu{i}
= Ay + Bs.

13)

Let X = X"\ {i} when i € X*, then 4; =
e—F(X.u{z}) HjeX(l + eF(V)—F(V\{J})) Hj¢XU{i}(1 +
efF({J}))'. We compare A; with A =
efF(_Xu{z}) HjEX(l + eF(V)*F(V\{J})) ngx(l +
P UH=FLD) since F({i}) - F({i,j}) = —F({j})
by diminishing return, it is easy to see A > A;. On the
other hand, B; = eF(V)—F(V\{i})—-F(XU{i}) HjEX(]‘ +
eF(V)=F(V\{7})) [exop(l + e Py, We
compare this with B = e PO (1 +
eF(V\{i})—F(V\{LJ’}))ngx(l + e FWD).  Since
FV)—-FWV\{i}) - F(XU{i}) < —F(X) and
FV)=FVA\{j}) < F(V\{i}) = F(V\ {i,j}) by
diminishing return, it follows that B > B;.

Let X = X* when 1 ¢ X,
then Bs = e~ F(X)—F({i}) [Lex( +
eF(V)fF(V\{J})) HjéXU{Z}(l—'_eiF({j})) We Compare
this with A. Since —F'(X) — F({i}) < —F(X U {i})
and —F({j}) < F({i}) — F({i,j}), A = B,
follows. ~ Moreover, Ay = e FCOT[_ (1 +
eF(V)_F(V\{]})) H]¢XU{1}(]‘ _|_ e_F({J})>, hence
B > A, follows because F(V) — F(V \ {j}) <
F(V \ {i}) = F(V \ {i,5}). This completes the
proof. O

Since ZAL(F{i}) = maxy ey gy eF TN-FXOED T (14

J
FV=FV\GD) [T (1 + e~ FUDHFED) and

ZL(FYMD) = maxyeyye T [Tjex(@ +
itly write the lower bound after clamping as follows.

e—F({z‘})gL(F{Z_}) + gL(FV\{z‘})

= max e FXUL}) H (14 eFWVI=FVALD)Y.
XeV\{i} jex

[T (1+ePUN=FUD) 4 maxe o= FO0.
X XeV\{i}

H (1+ eF(V\{i})—F(V\{iJ})) H (1+ e—F({j}))

JEX Jj¢xX

=A+ B

(14)

We claim that if i € X*, A > A;,B > Bj, hence
A+B Z Al +B1,andifi ¢ X*,B Z AQ,A Z Bg,
hence A+ B > Ay + Bs. If this is true, then the expected
result follows.
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Figure 4: Additional experiments on random covers and conditioned pairs with different parameters. Still we can see
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(d) conditioned pairs (n = 20,c = 1)

that clamping improves the estimates on both Z and the marginals.



