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Appendix. Online Planning in Non-stationary Environments

The appendix is organized as follows. Appendix A presents the proofs of our technical results. In
Appendix B, we provide the implementation details of our O20 framework and the OMD algorithm.
The cases of correlated distributions and imperfect information are discussed in Appendix C. Finally,
in Appendix D, we provide supplementary numerical experiments to validate the effectiveness of our

proposed 020 framework.
A. Proofs
The three key theorems in this work are proved in Appendices A.3, A.4, and A.5, respectively.

A.1. Proof of Proposition 1

PROPOSITION 1. Consider K =2 and ¢(w) = min{wy,ws}. For any online algorithm that does not
have any distributional information on Z,.r, there exists an instance such that E[opt(DP; (4, R?)) —

¢<Z£;1 flz,,w,)/T)]>1/4, and =, ...,Zr changes only once within the horizon 1,...,T.

ProOF. Without loss of generality, let I' > 0 be even. We construct two instances Z() and Z® that
share the same Q, {X(w)}ueq, f, but have different scenario probability distributions, denoted as

=1 and 22, respectively. We set Q= {a,b,c}, and X (w) = {y, z} for all w € Q, and set

f(y,a):(l,O), f(y,b):(l,O), f(y,C):(O,l),
f(zﬂa):(071)7 f(z,b):(l,()), f(z7c):(071)‘

The two different scenario probability distributions 551% and 552% are defined as

Pr (w=a)=1 for bothi=1,2, and y€{1,...,T'/2},

wNEV
Pr“)(w:b):l forye{l'/2+1,...,T'}, Pr@)(w:c)zl forye{l'/2+1,...,T'},
w~Ey w~EY

which display exactly one change within the horizon 1,...,I". Recall that ¢(w) = min{w;,w,}. For
each of the instances T and Z® | it is clear that opt(DP;(¢,R?)) = 1/2 with certainty. Despite the
common optimal value, the optimum is achieved differently between Z") and Z(®. An optimal policy
must choose ¢} =... =} , =2z n IV, but &} =... =z} , =y in I?).

Consider an arbitrary but fixed online policy that has no prior distributional information on =Z;.r.
During periods 1,...,T/2; the policy cannot distinguish Z(!) from Z® since the policy observes the
same scenario w. = a but has no other auxiliary information. Consequently, for v € {1,...,I'/2}, the
action ") chosen in Z) and the action ?) chosen in Z(*) are the same (i.e., same action when the

policy is deterministic, and the same probability on X' (a) = {y, z} when the policy is randomized). We
r/2
~y=1

denote ., = 2" = 2{?) as the common value. The quantity N(x) =" 1(x, =x) for x € {y, 2z}
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is the same in both instances. Next, note that 0 < N(y),N(z) <I'/2, and N(y) + N(z)=T/2. A

routine calculation shows that the policy’s objective value is

min{l_N(z) N(z)}: N(z) —E_M in I(l),

T T r 2 r
N N N
min{ éy) ,1— éy) } = éy) in 7.

Finally, to establish the Proposition, denote Reggi) as the regret of the online policy in instance

ZU. From the objective values above, it is straightforward to check that

1 1 N(y) 1 N(y) 1
0 @_ |1 _(1_ 2Ny 2 1
Reg;” + Reg; [2 (2 T >]+[2 T 5 (13)
Hence, max{Reggl),Reg(f)} =1/4, and the proposition is proved. |

A.2. Proof of Proposition 2
PROPOSITION 2. Under Assumption 1, it holds that opt(UB(¢,S)) > E[opt(DP; (¢, 5))].

Proor. We start by noting that a feasible non-anticipatory policy can be expressed as a sequence of
functions Ay, . .., hp, where h., maps the input {(w,,x,)}?-} U{U,}U{w,} to a decision x., € X (w,).
That is, hy({(ws, ) }121, Uy, w,) € X(w,) for all {(w,,x,)}1-},U,,w,. The existence of a feasible
non-anticipatory policy is ensured by Assumption 1. Now, let h,...,h} be a function sequence that

corresponds to an optimal non-anticipatory policy, and define

w:' = h:({(wsa 962)}3;11, U,,w,)
H: (“Jw) = E{(ws@;)}z;llu{(],y} [f(xikww’Y) | wv] (14)
f’j :EW’YNEW [H’t(w'}’)} (15)

We claim that (f*, H*) is feasible to UB(¢, S). By definition, we have H>(w.,) € Conv(w,). Hence,
it suffices to check constraint (2). By the convexity of d(-,.S), we have

1 < . 1 <& .
d (FZ‘f’Y’S> <E [d (Fz.f(m»yaw’v)75>] <0,
r=1 y=1
where the expectation E is over wy,...,wr and Uy, ...,Ur. Finally, the proposition follows by

E[opt(DP(S,¢))] =E

Step (16) is by the concavity of ¢. |
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A.3. Proof of Theorem 1

Before we state the proof of Theorem 1, we need to introduce the Azuma-Hoeffding inequality to

enable our analysis. The Azuma-Hoeffding inequality is summarized as follows:

PROPOSITION 3. Let {X,}]_, € [0,1]" be a martingale difference sequence adapted to a filtration
{F 3. That is, X; is Fi-measurable, and E[X;|F;_1] =0. For any 6 € (0,1), we have

1T
~N"x
T;t

In particular, for any independent but not necessarily identically distributed random variables

Y1,...,Yr, it holds that

; SN EEE]

P

1 <& 1 <&
T;Y;—T;E[Yt]

Recall that we apply the Online Mirror Descent (OMD) algorithm to produce the set of weight

< 210g1(12/5)] S1_4 (17)

vectors © in the offline algorithm. Next, we state the notion of strong convexity, which is often

required for the mirror map A used in OMD:

DEFINITION 1. Let o> 0. A function A: D — R is a-strongly convex over the domain D w.r.t. the
norm || - ||, if we have

Afw) = Aw) + =" (u—w) + S u—wll,
for any w,w € D and z € 9A(w) .

Our analysis is further facilitated by the performance guarantee of the OMD algorithm, which is

stated in the following proposition.

PROPOSITION 4 (Nemirovskij and Yudin (1983), Shalev-Shwartz (2012)). Let g',..., g% be
a sequence of convexr and R-Lipschitz function w.r.t. the norm || - ||. on domain D. In addition, let
A be a 1-strongly convex function over the domain D w.r.t. || - ||.. Consider the OMD algorithm
with learning rate n = \/(RVT), where \* := maxge p{A(8)} —mingep{A(8)}. For eacht=1,...,T,

perform
t—1
0' < argming, p {77- [Z 0"z
q=1
where z7 € 9g9(07). The following inequality holds:
T T
1 ‘ot )1 . 2\R
L3 g0 —min{ 13 g(0) b < 222

Now, we are ready to present the proof of Theorem 1.

+A(9)} , (18)
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THEOREM 1. Consider the unconstrained problem DP (¢, RYX), and implement the O20 algorithm
framework with Algorithm 1 as the offline algorithm and Algorithm 2 as the online algorithm. (a) In
the SIMU setting, with probability at least 1 — 9, we have
Reg, < Loss (1) + Loss ()= O (L1l | =+ 2] ). 7)
VT VT T

where

T r

AN+ /21og(6K/9)
VT

Loss) (L) = L||1x]| [ \/2log(6K/5) ) \/210g(6K/5)] |

LOSSSIMU( ) - LH]'KH

(b) Consider the SAMP setting, where Assumption 3 holds. Using M sample trajectories and a

rounding parameter € in round(-,€), with probability at least 1 — 2§, we have

T MT

~ 1 A 1 K
Reg, < Loss\ (L) + Loss Ly=0(L|1 —+—=4+—=+1/-—=| +Ke |, 8
g1> SAMP( ) SAMP( ) H KH \/T \/T \/F MT ()
where
2log(6K/6 2log(6K/0) 2log(6K/0) + 2K log(2L
Loss(l. (L) = L[ 1| [\/ sOK/D) , [losCR/D) | [21oB(6K]8)+ 2N log(2Le/ 6)],

2¢ Ke.

AN+ /210g(6K/0) |, [210g(6K/5) + 2K log(2Le/<)

Loss{un (L) = Lll1x| ¥ex T

We provide the proofs for the SIMU and SAMP settings in Sections A.3.1 and A.3.2, respectively.

A.3.1. Proof of Theorem 1 in SIMU setting. The proof involves two major steps. In Step 1,

we show that

. (;;ﬂwwww)) > (;;ﬂwaww) ~ Ll [\/ 2Nog(6KJD) |, [2los(CK/ ‘”] (19)

holds with probability > 1 — (26/3). In step 2, we show that

0 (;;f@ﬁwt)) > opt(UB(6, ")) ~ Ll 1]

AN+ +/2log(6K/0) (20)
VT

holds with probability > 1 —4/3. Altogether, the theorem is proved. More specifically, Step 1 bounds
the regret due to the difference between the online and the offline phases, while Step 2 bounds the
regret between the offline estimation and the benchmark.

Step 1: Proving (19). To start, for each 1 <~ <T', we define

T
1
F’y = T ;EwWNEW |:f(0(_0t7w7)’w7)

0.
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In the conditional expectation above, the vector 8 is held deterministic, and the expectation is only

over the randomness of w, ~=,. We lower bound the reward gained in the online phase:

i
(3

=
NE

f (21)

Il
_

Nl
WE

B ) - 2 D flat )

1 <& 1 <
72 f@ ) —5) F,
t=1 ~y=1

t

( Z ot w)) Ll [\/MOg(;K/‘S)+\/21°g(f,K/5)] wp. >1-25/3.  (22)

Step (22) is the essential step that helps us bound the generalization error incurred by employing

1

Nl
M=
<

(wwwv)>
f(wt,wt)> —L
(a:t,wt)) L

L& IF, ~ flaywn)

1

’ﬂ \

the sampling oracle during the offline phase in the SiMU setting. We bound the terms (f,1) b
applying the Hoeffding inequality provided in Proposition 3. Bounding the terms (), () requires
analyzing the randomness in the online and the offline algorithms, respectively.

Proving that Pr [(T) < HlKH\/W} >1—6/3. Consider an execution of the online
algorithm (Algorithm 2), conditioned on the output © = {6'}_, by the offline algorithm (Algorithm
1), where O is fed to the online algorithm as the input. Observe that E [f(x,,w,)|©] = F,, where the
expectation is taken over ., and w,. Indeed, Line 5 in Algorithm 2 asserts that ., = O(—0,,w,),

and Pr[@., =6'|0] =1/T. Consequently,

2log( 6K J)
(1) < 1y 2208 EE/0) \

2log(6K/9)
r

rzf’“ FZ

>1-4/3. (24)

foreach 1<k<K ' ) (23)

Step (23) is by the fact that, for each k, we have fi(x,,w,)—F, € [—1,1]. Step (24) is by Proposition
3 and a union bound over k € {1,..., K'}. Finally, by taking the expectation over ©, we establish the
bound for (7).

Proving that Pr [(i) <1kl 210g(6K/6)/T} >1—6/3. Consider an execution of the offline
algorithm. For each ¢t € {1,...,T}, set

Frli=oc({w®,0°}'21U{6'})
r
1 1 .
- fZE“"ﬁYNE’Y [f((’)(—et,wfy)jwfy) | Bt] = fZEw%~EW [f(o(_9t7wfy)7wfy) |Ft 1] ’
y=1

Y':= f(z' ') — F".
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The filtration F*~! represents the information available to the DM at the end of time step ¢ — 1.
To this end, we remark that a*, f(x*,w®) are F'~!'-measurable for each s € {1,...,t — 1}, since
x* = O(—0°,w*). In fact, 0" is o({w*,0°}._})-measurable, but we include * in F*~! explicitly to
signal that 6" is held deterministic in the conditional expectation E[- | F*~1].

Now, for each ¢, the random variable Y is F'-measurable, and E[Y;|F*~'] = 0. Consequently, by
applying the Hoeffding inequality with X; =Y} for every k € {1,..., K} and the filtration process
{F}L |, we know that Pr [[ S YT < \/W} >1—0/K. Applying a union over k €
{1,..., K}, we obtain the inequality Pr [|| STLYT|| < ||1k][v/210g(6K/6) /T} >1-§/3. Finally,
the desired bound on (1) is shown by the fact that & Zt Fr=< Zv L\ F,.

Step 2: Proving (20). We focus on ¢(Y,_, f(x',w")/T), which is compared against the

offline benchmark via the analytical tools from existing OMD results. To this end, recall \* =

maneB*(L){A<9)} — minaeB*(L){A(H)}. We have
1 1
¢ (T Zf(wt,wt)> =, Juin {TZ¢*(9) —0Tf(fct’wt)}

21 {000 -0 ) - PR (25)

~
Il
—

_ ALk
VT

Next, we show that with probability at least 1 — /3, we have

21log(6K/9)

T (26)

T Z [6(6 - 0T F(O(~6", "), } > opt(UB(6,B¥) ~ L1

The inequality (26) is shown as follows:

1 & *(pt 1 ¢ T t ot t t—1 2log(6K/9)
ET;{QJ) (0)+Eur =, [r ;<—0 ) FO(=0",w)),w)) | F }—LHlK”ﬁ

(w.p. >1-4/3) (27)
2;2{1@ [¢*<at>+<—9t>T{§Z}H¢<wi)}\ft1 }—Llllxll%w )

e . T 2log(6K/0)
zTZB*ggL){m ~0 (Zf)}—f:nlknﬁ (29)

2log(6K/9)

=opt(UB(¢, R™)) — L[ 1| VT

(30)
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Step (25) is by applying Proposition 4 on the series of functions {g;}7_,, defined as ¢;(0) = ¢*(0) —
07 f(x!,w'), with the mirror map A as stated in Algorithm 1. For every ¢, the function g; is 2||1x||-
Lipschitz continuous w.r.t. || - ||.. Step (27) is by applying the Hoeffding inequality on the random
variables, similar to the analysis of (). In steps (28, 29), we recall the definitions of (f*, H*) from (15,
14) in the proof of Proposition 2. The inequality in (29) holds by the definition of the optimization
oracle O(—0",w}) € argmaxmex(w%)(—at)Tf(:c,wfy), and the fact that maxzex(wt)(—0")" f(z,w!) =
MaX feconv(F(wt) (—0) " .

Altogether, combining (22) with (26), Theorem 1 in the SIMU setting is proved. |
A.3.2. Proof of Theorem 1 in SAMP setting. The proof of the SAMP shares some similarities
with that of stMu, but they differ in the analysis of the resampling procedure (Line 5 in Algorithm

1) and the rounding of —6". The proof consists of two major steps. In step 1, we show that

1 1«
. (F Zf(%%)) > (T Zﬂwzwt)) ~Losil, (1) (1)
y=1 t=1
holds with probability at least 1 —(26/3). In step 2, we show that
1T
¢ (T > f(as%ww) > opt(UB(¢, R)) — Loss, (L) (32)
t=1

holds with probability at least 1 — (44/3).
Step 1: Proving (31). To start, for each 1 <~ <T', we define

B

Il
N[ =
ITMH

E

N

|

%z

where —8, = round(—6;,€) is the rounded version of the gradient vector —6,. We bound the reward

gained in the online problem DP; (¢, R%)) as follows:

1 r
¢ (F Z;f(xwwv)>
1 — 2 1 ¢
>¢ fz_:f(mt’wt) —L fz_:f(m%ww)_fz_:f(mtth)
R M S

w,)]

(€)) (1 (")

s T MT T
(w.p. 1—26/3) (33)

! if(mt’wt) ~L 1| [\/210g(6K/5) +\/2log(6K/6)+2K10g(2Lc/e) +\/210g(6K/5)]‘




Cheung and Lyu: Online Planning in Non-stationary Environments
AR Article submitted to Operations Research; manuscript no. OPRE-2022-11-604

To establish (33), we provide high probability upper bounds for ('), (), and (f'), which are
established as follows.

Proving Pr [(T’) < HlKH\/210g(6K/5)/F] >1—4/3. The proof is by the same argument for
bounding (1) in the SIMU setting in Section A.3.1, using the Hoeffding inequality.

Proving Pr [(ﬂ) < |11kl \/Qlog(GK/é)ﬁf 10g(2LC/€)] >1-¢/3. To analyze (), we start by observing
that

1o lem s 1w
F;FW—FZFV:TZDNF( 6",

y=1 t=1
where
5 1L ) . ;oM )
Diff(~0) = > Bz, [f<0<—0,w7>,ww> | —6} — i 2 2 FO(=0.0M),wim). (34)
y=1 m=1~y=1

By the rounding procedure and Assumption 3, we know that for all ¢, -6t e Grid (L), where
Grid (L) ={[—cL/ele,([—cL/e] +1)e,...—¢€,0,¢,..., [cL/e]e} ™

is a set of discrete grid points in the cube [—cL,cL + €)%, positioned with a distance of € apart in
each of the K canonical directions in R¥. Consequently, by applying the Chernoff inequality (17),

with a union bound over all — € Grid.(L) as well as all K coordinates, we derive that

Pr <HDiff(—é)H < !\1K1\/21°g(2K(2LC/6)K/5> for all —0 € Gride(L)>

MT

1= Y Grrarsled (35)

0€Gride (L)

since we have |Grid.(L)| < (2Lc/€)*. Consequently, we have

Pr ((11) < ||1K||\/210g(6K/5) +2Klog(2Lc/e)>

ok =

i IDifF(—61) ]| < |1 H\/mog(ﬁK(?LC/e)K/fS))
Pr (HDifF(—é)H < HlKH\/QIOg(GK(2Lc/6)K/5) for all 6 e GridE(L)> .

'ﬂ \

MT
MT

Proving Pr [(i’) < |1kl 2log(6K/5)/T} >1—0/3. While the analysis shares some similarities
with (f) in Simu, the considered filtration here is different due to the bootstrapping in SAMP that
differs from SIMU. Consider an execution of the offline algorithm. We define 2 as the uniform dis-
tribution over the MT elements in the (multi-)set {w!™ 37 = {wi . oM ™ Wi

which consists of the MTI realized scenarios in the M samples {wl WM endowed in the SAMP

m=1
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setting. By the algorithm design, we know that w!,...,w” are i.i.d. with the common distribution

2 ynder SAMP. Now, for each t € {1,...,T}, consider

Fhi=o({wii i ufw', 01T ufe'}),
Ft Z:]Ewtmé(M) |:f<0(_0~t7wt)7wt> | _et]

—

M
~ . 1 5
=E i z0n [f(o(_atywt)7wt) ‘ ]:tfl} “M-T E E f(O(—Ot,wﬁm))wSm’),
=1 m=1
Y= f(z!,w) — F'.

Recall that @ = O(—6",w"), where —0" = round(—8',¢) The filtration F'~! represents the infor-
mation available to the DM at the end of time step ¢ — 1 under SAMP, which consists of the M
samples and the observations received during the offline algorithm’s time steps 1,...,¢t — 1. Sim-
ilar to the case in SIMU, 6 is o({w!W}M_| U {w®,6°}'Z})-measurable. For each t € {1,...,T},
the random variable Y is Ft-measurable, and E iz [f’;]ﬁ“l] = 0. By applying the Hoeffding
inequality with X; = Y} for every k € {1,..., K} and the filtration process {F*}Z_,, we know that
Pr |ZtT:1 YT < \/W} >1-6/(3K). Applying a union over k € {1,..., K}, we obtain
Pr]|| ZtT:I Y /T < ||1k||+/210g(6K/5)/T| >1—§/3. Finally, the required bound on (1) is obtained
by noting that X Zt Fi= T Zv F,.

Step 2: Proving (32). We continue by focusing on qb(ZtT:l f(z',w")/T). Similar to before,
the analysis also involves bounding the error due to the limitation to M samples. Recall \? =

maxge g, (1) {A(0)} — minge s, 1) {A(0)}, and recall the shorthand —@* = round(—6",¢). We have

: 1 a * T t ot 1 a * (gt tT t ot 4>‘L||1K||
= min {TZ¢ (0)_0 f(m’w)}ZT;{Qb (0)_9 f(m’w)}_T (36)

B P VR NP W Y 17

—T;{¢ (0) -6 FO(-8w).w) | = =22

LN [ (09 4 (G F(O( b o)) o ANL| 1]

27 {90+ (07O} el ~ @7
LI Lo (g 0 ) e L]

=5 2 {9700+ (<007 FO(-0" ).} — e - =2 (33)

-
Il
—

Step (36) is by Proposition 4, which provides regret bounds on the AMD algorithm. Step (37) is
by Assumption 3, which ensures that || — 6" — (—0")|, < ¢’e|1x]|., and the model assumption that
| f(x,w)|| <|[1g|| for all &,w. To proceed from (38), we first observe that

1 - N\ T 0t e\ T t m m
72 (=0 f(o(-6", T MFZZ —6")" f(O(=6",w{™),wim)

t=1 t=1
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2log(6K/6)

- Ll =22

with probability at least 1 —4/3. (39)

The inequality (39) follows from a similar logic to (1), where the former is shown by applying the
Hoeffding inequality on {(—0*)TY*}Z_  which is a martingale difference sequence w.r.t. the filtration
{FT ., and |(—6")TY"| < L||1x| with certainty. Next, we observe that, with certainty for each
te{l,...,T}, it holds that

TN . 1 - 3
W T Z Z f(O(_OtawEYM) " -T Z [ (0", w,),w,)

where Diff(—) is defined in (34). By invoking the concentration bound (35) on Diff(—8) that holds

— éf] — Diff(—6"),

simultaneously for all — € Grid (L), we know that

T M
2 S FO(—6',wli™),w)

_ét] _LHlKH\/Qlog(GK/é) + 2K log(2Lc/¢)

3

U1
=% MT (40)

2
Il !
—_

E""’YNE’Y [f(@(—ét7 wv), wv)

forall t € {1,...,T} holds with probability at least 1 — . Combining (39, 40) provides us with a key

_gtD

inequality, which holds with probability at least 1 — (4d/3), to proceed from (38):

720V FO8 W) 2 1 30 (1321& -, [ 10800

1

Ll { \/2log(6K/6) z+\4 2FK10g(2Lc/e \/ ;K/a } | m
Further combining (38, 41), so far we have
s (1 3 f wt>> s {eﬁ*(et) " (1 S (-6 FO(- 8 w0 - aD }
T ’ T = o S
, 21log(6K/6) + 2K log(2Lc/¢) 21log(6K/9)
_cKe—LHlKH{\/ T +\/ T ﬁ} (42)

with probability at least 1 — (46/3). Now, for any ¢ and =, and any realization of —6* and w.,, we

have the following with certainty

(—0)T£(O(-0",w,),w,) > (—6")" f(O(-6",w,),w,)
> (=0T F(O(=0",w,),w,) — || — 0" — (—=0")|.. - [| F(O(—6",w,),w.)]|
> (-0 f(O(—6",w,),w,) — ¢ Ke, (43)
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where the last step (43) follows the same reasoning as (37). Plugging (43) into (42) gives

¢<;;f(mt’wt)> Z:},;{ ( Zva [ gt)Tf( (-0 wv)7w7) —0%)}
9/ Ke—L|1x]| [\/2log(6K/5) XfFKlog@LC/e) +\/210g(;K/5) +\% )

with probability at least 1 — (46/3). Lastly, by repeating the arguments with steps (27-30) in the

analysis for SIMU, we derive that

J{Z{qs*( (ZEM o060,

with certainty. Altogether, combining (45) with (44), Step 2 is established, and Theorem 1 for the

- t‘)tD } > opt(UB(¢,R™))  (45)

SAMP setting is proved. |
A.4. Proof of Theorem 2

THEOREM 2. Consider the general problem DP1(¢,S), and implement the O20 algorithm framework
with Algorithm 8 as the offline algorithm and Algorithm 2 as the online algorithm. It holds that
LCB < opt(UB(¢,S)) <UCB. (a) In the SIMU setting, with probability >1— 25, we have

Reg1:O<LH1KH [\/»+\}>+f]>’ Regfé(”“” [W+\1F+}D

More precisely, we have Reg, < Losst) (L) + Loss) (L+1) and Reg, < Losst) (1) 4 Loss$) (1).
(b) In the SAMP setting, with probability > 1 — 26, we have
+c Ke) ,

A 1 1 K
NV RN R BT
A 1 1 | K ,
:7§g‘+';7i§+‘:7f§‘% T —F(:I(e) .

More precisely, Reg, < L -Losss) (1) + (L+1) - Loss) (1), and Reg, < Losss) (1) + Loss) . (1).

SAMP

Reg; =0 (L [0

Reg, =0 (Ilkl

PROOF. The proof is based on the claim that the For loop breaks for some n € {0,..., N}. We first
provide some set-up to state the claim in more details. By the assumption on LCB and UCB, there

exists n* € {0,..., N} such that
UCB — (n* +1)e < opt(UB(¢,S5)) <UCB —n’e.

We claim that when n=n,+ 1, the For loop breaks with probability at least 1 — (40/3). Now, from

(20, 32) in our analysis of the O20 framework, we first observe that, for any fixed n, we have

[

H \

Z xt w )) > opt(UB(¢pn, RX)) —& wp. >1— (46/3) (46)



Cheung and Lyu: Online Planning in Non-stationary Environments
Al12 Article submitted to Operations Research; manuscript no. OPRE-2022-11-604

in each of the SIMU or SAMP setting. Next, we observe that opt(UB(¢,»41, RX)) = 0. Recall from the

proof of Proposition 2 for the optimal solution (f¥)"_, to UB(¢,S). Our observation is immediate

by observing that & Z;T,l e S,i1, since

< Zf>_othB(¢, 5))>UCB— (n*+1)e ( Z )

by the feasibility of (f2)._, to UB(¢,S). Combining opt (UB(¢hp+ 41, RX)) =0 and (46), we have

(T > fa ) >UCB — (n" + 1)e — Le > opt(UB(¢, S)) — (L + 1)e

Opt LOSSSlmu (L + 1) in SIMU
B @) . . )

opt(U = (L+1)-Lossg,,,(1) in Samp

T
1 Lossg;» (1) in Simu

d|l = t t S| <e= Simu m
<T ;f(w <) > =c {Lossé?mp(l) in SAmp (48)

with probability at least 1 — (40/3) in each case. Lastly, we recall the upper bounds

Zfa’ w waww’y)

< LOSSSIMU (1)

in SIMU via (24), and

T

1 — Lo 1
T;f(mvw)_rz.f(mwwv)

y=1

< Lossg) (1)

AMP

in SAMP via (33). In each of the two cases of SIMU and SAMP, the respective inequality above holds
with probability at least 1 —(2§/3). In each of the two cases, L is set to be 1 since én, is 1-Lipschitz
continuous w.r.t. || - ||. Altogether, the theorem is proved. Lastly, we verify the statement on the

default setting of UCB and LCB. By the L-Lipschitz continuity of ¢, we know that

¢<1£Zf§‘>2¢(0x)—L %Zf: > ¢(0x) — L|1x| = LCB,

and that -
S £l <¢(0x) + L |1kl = UCB.
=1

-
N
s
S*
~
VAN
SN
(em)
2
_l_
h
=

A.5. Proof of Theorem 3

THEOREM 3. Suppose Assumption 4 holds. Algorithm 5 satisfies all K — 1 resource constraints with

certainty, and with probability at least 1 — 39, it achieves

Fm w)2<l_g+ (1/D)log(K/0) &+ <1/F>10g<K/5>>r.optmpl((p sy (10)

€+cmin Opt(DP1(¢vs))
> [1—0(&)] x optimum > optimum — O(¢ - T) (11)

1

v
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where & in (10) is set differently according to the cases of SIMU or SAMP as specified in Line 3 of
Algorithm 4, while ¢,S in (10) are as defined in (9). The quantity optimum in (11) is the expected

optimum of the non-stationary online resource allocation problem.

ProoOF. We show that with probability > 1 — 34, the breaking of for loop by Line 10 in Algorithm
4 does not occurs, and the stated inequalities in the theorem hold.

Firstly, according to the performance guarantee of our O20 framework in Section 3.4.1 on
DP;(¢,S), the online performance, disregarding the thinning by {B(v)},_, and the breaking of for
loop by Line 10 in Algorithm 4, satisfies

r
Zr ) > T (opt(DPy(¢,5)) , and Zak ) <D (cp+¢) forall ke{l,..., K —1}

with probability > 1 — 2§, where £ aligns with Line 3 in Algorithm 4. Considering the thinning
conducted in the online phase, Algorithm 4 without the breaking of for loop by Line 10 earns a reward
of 25:1 B(y)r(z,,0,), while consumes 2521 B(vy)ax(x,,0.,) for each k during the online horizon.

By a union bound, with probability > 1 — 34, the resource consumption on resource k satisfies

T
K
> B(ax(@,,0,) <pL(cp +€) +4/Tlog = < el

~y=1
where the first inequality is by the Chernoff bound, and the second is by the definition of p, which
falls within the range [0,1] by Assumption 4. The above inequality implies that, with probability
>1— 34, the breaking of for loop by Line 10 in Algorithm 4 is never invoked, and that

r r r
Zak(wv,&y) = ZB( Jar(Z.,,0,) for all k Z r(zx.,0,) = ZB(’}/)T(@V,OW).
y=1 y=1 y=1

Moreover, the total reward obtained is at least

ZF:B('V)T(%@ ) = pL'(opt(DP1(¢, 5)) — 5)—\/F10g§

r=1

which is equal to the bound stated in the theorem. Altogether, we complete the proof. [ |

B. Supplementary Details for the Implementability of the 020 Framework

In this section, we provide supplementary details on the implementability of our O20 framework.
Proof of (4) for Line 7 in Algorithm 1. The set inclusion above follows from
max,,co & {(0°)"w — d(w,S)} = maxyes{(0") "w}. The equality can be seen by the following.
Let w* be an optimal solution to max,,c(o . x{(0*)"w — d(w,S)}, and denote 7g(w) as the pro-
jection of w to S, so that d(w,S) = |[w — mg(w)||. Now, we have (8') ns(w*) > (0")Tw
|(0") T (w* — s (w"))|, and [(8")" (w* — s (w*))| < (67|, - [|w* — 75 (w")|| < d(w, 5), since ||| <
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1 by the 1-Lipschitz continuity of ¢(w) = —d(w,S). Consequently, we have max,cs{(0")Tw} >
(0")Tmg(w*) > max,,ecp1yx{(0") "w — d(w, S)}, and then the desired equality holds since clearly we
have max,,c(o 5 {(0") 'w — d(w, S)} > maxy,es{(6") w}.

Details for Line 8 in Example 1. Recall that this is the case with the ¢ being L-Lipschitz
continuous w.r.t. || - || = - ||2. In coherence with Proposition 4, we incorporate a mirror map A that
is 1-strongly convex w.r.t. the dual norm || - ||, = - ||2 over the domain D = B,(L), the Euclidean
ball of radius L. An eligible candidate is Ay(0) :=076/2 + Iz, ..y (0). Next, in order to achieve
the convergence postulated in Proposition 4, we set the learning rate 7, = Ao/ (RoV/T), where R, =
2|1kl = 2VK, and \, = L/+/2. Consequently, we have 1, = L/(v/8KT). Altogether, under the
specified learning rate 7,, mirror map A, and domain D = B, (L), the gradient update rule in Line
8 of Algorithm 1 is:

t

> (z9)70| + ioTo}

q=1

L

0t+1
SKT

=argily, g|,<r, {

A
6+ 2
I
max { VEET, | S, 7]}

which establishes the closed form update rule (5).

= argiig, g, <r, '

We apply this update rule to solve the resource allocation problem with fill rate constraints dis-
cussed in Appendix D. By employing the optimization oracle O, it is straightforward to see that the
optimal allocation rule follows a priority rule according to the value of 22:1 z4. This reduces to the
debt-based allocation rule proposed by Zhong et al. (2018). We also implement this update rule in
the two applications discussed in Section 5.

Details on the Multiplicative Weight Update Rule under || - ||..-Lipschitz Continuity
for Line 8. In the stated set-up, it suffices to define a mirror map A, that is 1-strongly convex w.r.t.

to || - |1 over the domain D = Sso(L, || - [[1). An eligible candidate is the negative entropy function:

K
Aso(0) =L Oi1og b+ Is_y(r.111)(6),

k=1

where 0log0 := 0. To achieve the convergence rate postulated in Proposition 4, we set the learn-
ing rate 7o = Aoo/(RsoVT), where Ay = Ly/Iog K and R, = 2. Consequently, we have 7, =
L\/Tog K /(2V/T). Altogether, the gradient update rule in Line 8 of Algorithm 1 has the following

incarnation: .
Le*t1 ..., Le"tK log K
o't = ( - ), where w; j, 1= — E 21
> etk 4T
k=1 q=1
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We apply this update rule to solve the resource allocation problem with budget constraints dis-
cussed in Section 4.3. By employing the optimization oracle O, the optimal decision can be computed

in closed form, eliminating the need for commercial solvers.

C. Supplementary Details for Model Extensions

In this section, we extend the O20 algorithm framework to address two additional online plan-
ning scenarios, including the case with correlated scenario distributions and the case with imperfect

information.

C.1. Online Planning with Correlated Scenario Distributions

We extend the O20 algorithm framework to address the online planning problem with potentially
correlated scenario distributions =Zi,...,Zp in the SIMU setting. For ease of exposition, we focus
on the non-constrained problem DP;(¢, R¥), while the general problem DP;(¢,S) could be solved
through a similar generalization as described in Section 3.4. The refined O20 framework, which is
depicted in Figure 8, consists of Algorithm 6 as the offline algorithm, and Algorithm 2 (specific to

the SIMU case) as the online algorithm.

Figure 8  Schematic drawing for the (refined) O20 framework.

Offline Algorithm (Sampling Procedure)

AT [y A

Online Algorithm (Randomized Mechanism)

Note. Under the sampling scheme, the stochastic processes over I' periods are i.i.d. re-generated for T samples in the offline
problem.

With a slight abuse of notation, we denote wfy ~ E, as the generated scenario for period v at sam-
ple £, and :ct7 as the corresponding solution. The offline algorithm is run before the DM encounters
the online problem DP; (¢, R¥). As described in Algorithm 6, the offline algorithm involves a refined
sampling procedure (Line 3-10) to capture the correlations among =, ..., Er during the entire plan-
ning horizon, and produces a collection of weight vectors ©, which are crucial for solving DP; (¢, R).
Through the refined sampling procedure, we also translate the non-stationary stochastic problem into
a “multi-sample” optimization problem (cf. Figure 8). Notably, since the scenarios could be corre-

lated, we cannot sample the scenario independently for each single period as described in Algorithm
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1. To capture the correlations, we treat the entire planning problem over I' periods as a “single”
period problem and sample the scenarios w! ~ Z;.r for each t =1,...,T (Line 4). Furthermore,
from Line 5 to 7, we call the oracle O(—6",-) to solve the planning problem using the same 6" at each
period y=1,...,I". In Line 9, we also apply the OMD algorithm to solve this multi-sample problem.
Although we change the way to sample the scenarios in the offline algorithm, we highlight that the

online algorithm remains the same as in the case of independent distributions under SI™MU.

Algorithm 6 Extended offline algorithm for the case with correlated distributions.
1: Input: Number of iterations T; OMD parameters n >0, D C B,(L), and A: D — R.

2: Initialize: Initial weight vector ' = mingep A(6).

3: fort=1,...,T do

4: Sample a sequence of random scenarios w ~ =, for y=1,...,T.

5: for y=1,....,T' do

6: Compute decision x! = O(—6*,w!), by calling the oracle O at each period.

T end for

8: Compute gradient z* = V[g*(0")], where ¢g*(0) := ¢*(0) + (—0)T [% 25:1 Flxl,wl)l.

t

9: Compute weight vector 8°t! = argmin,_ {77~ |:Zq:1 quH} + A(G)} .
10: end for
11: Output: The collection of weight vectors © = {0*}T_,.

Next, we demonstrate the performance guarantee of this refined O20 algorithm on DP; (¢, R¥)
with correlated scenario distributions, in the form of regret bound. Different from previous analysis,
we investigate the performance of our refined O20 algorithm in terms of the expected average value

over the entire planning horizon:

Reg; :=opt(UB(¢,5)) — ¢ (E [12 Zf(wmww)] ) ,

which captures the difference between the offline benchmark and the objective of the algorithm.
Given the same algorithm, we note that ¢(E[£ 25:1 f(xy,w,)]) > E[p(: 22:1 f(z.,,w,))], by the
Jensen’s inequality. Therefore, we have Reg; < E[Reg, . In this sense, we remark that the performance
guarantee using Reg, is relatively “weaker” compared to using Reg;.

While the scenarios across different periods (within each sample ¢) could be correlated, the
sequences w! . are independently generated for different samples. Therefore, we apply the concen-
tration equality on the average reward vector %25:1 f(z.,,w.,), instead of the vector f(x,,w,) at

a single period. This modification is crucial to derive the performance guarantee as follows.
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THEOREM 4. Consider the unconstrained problem DP (¢, R¥) with correlated scenario distributions,
and implement the refined O20 framework with Algorithm 6 as the offline algorithm and Algorithm
2 as the online algorithm. In the SIMU setting, with probability at least 1 — 6, we have

w0 ()

PRrROOF. We bound the expected average reward gained in the online problem DP; (¢, R¥)) as follows:

z¢<§§j §§jf@&~4>>——L E[;}:f@awa)

r=1

1-5/2. (49)

> (;Z L3 flat ) > Lt [ 2ol /0)

We prove that Pr [(§) < |]1K|]\/2log(4K/5)/F} >1— /2. Consider an execution of the online
algorithm, conditioned on the output © = {6}, by the offline algorithm, where © is fed to the

online algorithm as the input. We claim that
1 Iem 1<
ELZﬂ%%ﬂ@zTZELZﬂmwi,
y=1 t=1 y=1

where the expectation on the left hand-side is taken over all ., and w,. The claim is readily justified

by Line 5 in Algorithm 2, which asserts that ., = O(—6,,w,) with Pr[@, = 6"|©] =1/T. Using a

similar argument in the proof of Theorem 1, we have

[ ) <|l1xl /2log 4K/5 ‘

;Z<psz(wiawi) T S E [fi(2, )])‘S 210g(:;{K/(S)foreaLch1§k§K‘@]

>1-6/2. (50)

Step (50) is by Proposition 3 and a union bound over k € {1,..., K}. Finally, by taking the expec-
tation over ©, we establish the bound for (§).

We continue by focusing on ¢(+ 2321(%25:1 F(z!,w!))). To proceed, we use the same tech-
nique in the proof of Theorem 1 to compare the online solutions and certain offline benchmarks
by considering the OMD procedure on the dual of the reward function. Recall the notation that
A? =maxgep, (1){A(0)} —mingep, (1) {A(0)}. We have

lem 1, , .
(il )
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>}Z{ (00" [I{;f(mi,wi)]}—ufﬂ%ﬂ 61)
_1 . *(pt (T 1 - to .t t ANL|[1k |
_T;{¢ (6°)—6 [F;f(o(—a 7w'y)’w'y)] } —T
N PEL o (41 + V/210g(4K /) ) Lil 1]
ZT;{¢ (0 )—l—Eui:FNELF _f ;(—0) f(O(—6 ,wv),ww)] } - Ny
(w.p. >1-0/2) (52)
LS 1y g 4N+ /210g(4K7/9)
ZT;{sb (09 +Eugoir | 5 20 fwl}—LHlKH N (53)
E

1 T
ZTZ l""i:I‘NEI:rl

=opt(UB(¢, R")) — L 1|

. IPUNEY  pRLE AN+ /21og(4K /)
e (150) 222

AN+ +/210g(4K [5) (54)
= .

Step (51) is by applying Proposition 4 on the series of functions {g;}]_,, defined as ¢,(0) = ¢*(0) —
0" %Z»F,:l f(z, wi)} , with the mirror map A as stated in Algorithm 6. For every ¢, the function g,
is 2||1k||-Lipschitz continuous w.r.t. || - ||.. Step 52 is by an application of the Hoeffding inequality.
In step (53), we recall the definitions of (f*, H*) from (15, 14) in the proof of Proposition 2. Step
(53) is by the assumption of the optimization oracle, and the last step (54) is by the definition of
opt(UB(¢, R¥)). Altogether, Theorem 4 is proved. [ |

Finally, we remark that a performance guarantee in SAMP can be attained by replacing T" with the
number of sample trajectories M in Algorithm 6, and use the M sample trajectories as the sequence
of random scenarios in Line 4. Nevertheless, the method of bootstrapping proposed in Section 3.3
cannot be applied in this case, since the random sampling with bootstrapping obscures the correlation

between scenarios in different periods, and the refined sampling procedure in Line 4 is crucial.

C.2. Online Planning with Imperfect Information
We extend our techniques to address the case of imperfect knowledge on the distributional information
for problem DP,(¢,R¥) under Simu.

We start with an additional literature review in this line. Vee et al. (2010) studied the online
assignment problem based on a set of random samples from future arriving users. They showed that a
sampled problem instance suffices to construct near-optimal solution to the full problem. Hardt et al.
(2016) studied the performance of stochastic gradient method (SGM) over a finite set of training
(offline) samples. They demonstrated the SGM is stable in the sense that the performance under
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SGM varies slightly if a single point in the training samples is replaced by a new sample generated
from the same distribution. Indeed, our O20 algorithm can also provide the same sub-linear regret
guarantee given a finite training samples, as long as the scenarios are sampled from the actual process.
However, since the base optimization model studied in the present work is different from the models
in Vee et al. (2010) and Hardt et al. (2016), our technical results are established based on novel
analyses. Lastly, we remark that Jiang et al. (2025) also studied a case of imperfect prior information
for non-stationary online resource allocation with a different metric on the discrepancy measure that
quantifies the mismatch in prior information. We highlight that Jiang et al. (2025) is a concurrent
research work compared to ours. Notably, the algorithm design and analyses in Jiang et al. (2025)
and ours are fundamentally different.

Next, we proceed with extending our O20 framework to handle the case of imperfect prior infor-
mation. Following Section 6, we only need to revise the Line 5 of Algorithm 1 to implement our
020 framework under SIMU. More concretely, we sample a random scenario w' according to the
distribution é,yt, instead of the actual distribution Z,:. We show that, with this type of imperfect
information, the optimality gap of the algorithm scales naturally with the discrepancy between actual

and forecast models.

COROLLARY 1. Assume the access to a forecast model EL[‘ and an optimization oracle (Assumption
2). Consider the application of Algorithm 2 to the online problem (DP,(¢,R¥)) under the actual
model ZE1.r, where the input © is generated by Algorithm 1 under the forecast model élzp. With
probability at least 1 — 9§, we have

Reg, =0 (LulKH (}”W}*f))

PrOOF. The proof largely follows the analysis in Appendix A.3. We sketch the key difference for

o

completeness. For each 1 <~ <T', we define

- %ZEW'YNE’Y [f(o(_9t7w7)’w7)

We bound the reward gained in the online problem DP(

t=1

ot] ) ﬁv = T ZEG;WNE,Y |:f(0(_9t7‘:’w)7‘:’7)
b,

R®)) as follows:

T 1 T 1 T
2¢ f@', o) fz (m%ww)_fz,f(mt,cbt)
t:1 =1 =1
- t A~ t 1« F I 1 — P I 1 .
t:l ; m?‘d)*f; Ui F;{ v W} o f;[ L= fmy,w,)]
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Similar to Step (22), we bound the terms (1,1) by applying the Hoeffding inequality, while the
term (£) is bounded by invoking the definition of forecast error ¥ defined in Equation (12). Next,
we continue by focusing on the term ¢(ZtT:1 f(xt,@")/T).

1 %[t t T t ~t 4)‘L||1K||
ZT§{¢ CAR f(w,w)}—T

RV
1 o

1 S *(9t -1 . T t o~t) ~t ] (4)\+\/W>LH1KH
ZT; {¢ (0 )‘f‘EQiFNélT _f 7:1(—9 ) f(O(—B ,ww),ww)_ }— \/T
(wp. >1-4/3)
LS oo RS NN AN+ \/2log(6K /5
ZT; {<Z5 (6°) +Eut = p F;(—G ) f(O(-6",w)),w) } — L)1kl \/W—HI/
_ _ (56)
opi(UB(6, B ~ £t | DTVEREORI) g ) o7)

Step (56) is again by the the definition of . Step (57) follows similar arguments. Altogether, combing
(55) with (57), Corollary 1 is proved. [ |

D. Supplementary Details for the Numerical Experiments

In this section, we provide additional numerical experiments to showcase the effectiveness of our O20
framework. We address the resource allocation problem in a capacity pooling system while considering
the service level requirement. Specifically, we focus on the Type-II service level requirement, also
known as the fill rate requirement. The fill rate is defined as the ratio of the fulfilled demand to the
demand mean value. Furthermore, this service level requirement is considered as a “soft” constraint
since it is required to met on expectation.

Capacity pooling is a common strategy used in practice to serve multiple demand segments with
a common pool of resource (e.g., Alptekindglu et al. 2013, Zhong et al. 2018, Jiang et al. 2023).
For instance, a supplier stocking goods for delivery to multiple retailers may face the challenge of
meeting the KPIs promised in its service-level agreements with retailers. In this context, the service-
level agreement is a commitment by a supplier to achieve a minimum fill rate over a specified time

horizon. This problem is often studied in the literature assuming that the demands faced are i.i.d.,
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to facilitate the analysis of the fill rates attained. This ignores the more practical challenge in the
problem when the demands faced by the retailers are non-stationary across time. We show that
our 020 algorithm is able to deal with this challenge, while the state-of-the-art online algorithms
developed in the literature fail to deliver satisfactory performance in the non-stationary environment.

To make the discussion concrete, we consider a capacity pooling system in which a retailer supplies
a common product to K =3 customers over I' = 2000 periods. The retailer serves these customers
using a fixed amount of resources ¢ at each period. Customers are faced with non-stationary demands
and we assume that the demand w., follows heterogeneous Poisson distributions with mean values
M~ i= o X e, where the parameter e, represents the demand seasonality at period y=1,...,I" and
o = (3,6,9) denotes the baseline of demand mean values. In the numerical experiments, we consider
two cases: (1) welet e, =3 fory=1,...,|I'/2|,and e, =1 for y=|I'/2] 4+ 1,...,T" in case 1; (2) we
let e,=1fory=1,...,[I'/2], and e, =3 for y=|I'/2| 4+ 1,...,T" in case 2. In addition, customers
require differentiated fill rate targets 8 = (0.85,0.90,0.95), i.e., the expected amount of resource
allocated to customer k over the entire horizon should be at least Sijiy, where fi, := %Z:Zl Mok y
represents the demand mean value across the entire planning horizon. Let x; ., denote the amount of

resource allocated to customer k at period «. The fill rate constraint can be represented as:

1 r
fzxk,vzﬁkﬂlﬁn Vk:]-awl:(

y=1
Following the description in Section 3.3, we formulate the fill rate constrained resource allocation

problem in the capacity pooling system (CPS) as a “non-constraint” problem:
K 1k 2
(CPS) Hal,lwn Z <5kuk T Zaz,”)
k=1 y=1

K
s.t. Zxkﬂgc, Vy=1,...,T,
k=1

0<zp,<wp, Vy=1,....I'k=1,... K.

where the objective minimizes the performance gap from the fulfilled demand to the corresponding
fill rate target. The first and second sets of constraints require respectively that the non-negative
allocation quantity to customer k cannot exceed the realized demand wy , and the total allocation
quantity at each period = cannot exceed the capacity c. This resource allocation problem is “non-
constraint” in the sense that there does not exist any linking constraint to tie the decisions across
different periods.

Analogous to the setting in Zhong et al. (2018), we consider an identical capacity profile at each

period and use sampling average approximation (SAA) method to obtain the minimal capacity level
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¢* such that all the fill rate targets are attainable in the offline setting. Note that Zhong et al. (2018)
demonstrated that their debt-based online allocation policy, together with the minimal capacity
level c*, are able to attain all the required fill rate targets in a stationary stochastic environment.
Nevertheless, Figure 9 plots the glide path of attained fill rate (i.e., Zizl x;m/z:izlwk_,7 for s =
1,...,T') over the entire planning horizon, and it shows clearly that the debt-based policy cannot meet
the fill rate requirements in both cases. We note that the allocation policies developed in Agrawal
and Devanur (2015), Zhong et al. (2018), Jiang et al. (2023) provide similar theoretical guarantee
and numerical performance for the capacity pooling problem. For the ease of exposition, we take the

debt-based allocation policy in Zhong et al. (2018) for comparison.

Figure 9 Attained fill rate over time under the online policy by Zhong et al. (2018).
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Note. The fill rate targets are marked on the right-hand-side of each figure.

Due to the drastic scenario change at period [I'/2], it is natural to apply the debt-based online
policy on the planning intervals [1, |I'/2]] and [|I'/2] + 1,T separately, i.e., we re-start the update
of debt vector at time |I'/2] + 1 from an initial point. As shown in Figure 10, this re-starting online
policy also cannot attain the desired service level target.

Figure 11 depicts the attained fill rate under our O20 algorithm. It is straightforward to see that
all the fill rate requirements are met at the end of planning horizon in both cases. Compared with
Figure 9(a), in which customer 1 is served with higher priority due to the (relatively) higher debt,
Figure 11(a) shows that customer 1 should be served with lower priority due to the smaller fill rate
requirement if future demand samples are incorporated into the allocation policy. In case 2, almost all
the demands could be satisfied at the first half of the planning horizon. With the demands increasing
above the capacity level, the attained fill rates decline at the second half of the planning horizon.

Notably, the fill rate of customer 1 declines more sharply in Figure 9(b), compared with the pattern
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Figure 10 Attained fill rate over time under the re-starting online algorithm.
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Figure 11 Attained fill rate over time under our O20 algorithm.
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in Figure 11(b). The reason is that customer 1 accumulates consecutively smaller debt under the
priority policy by Zhong et al. (2018) at the first half of the planning horizon, and hence gains lower
priority to be served during the remaining time. Differently, the increasing demand trend “guides”
the O20 algorithm to balance the resource allocation among three customers under limited capacity
so as to fulfill the fill rate requirements. This validates the value of incorporating the offline demand

samples into the design of online allocation strategy in non-stationary environments.
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