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_ Abstact

e Documents d € D to be allocated to k tiers T = {1, ..., k} (with k — 1 levels of cache): with Tiering optimization is equivalent to finding a maximum-flow, minimum-cut Practical Considerations:

e We present a fast online solver for large scale parametric max-flow prob-

lems as they occur in portfolio optimization, inventory management, t = 1 as prime or fastest cache, and ¢ = k slowest or worst tier. graph from source s to sink . . . . . .
computer vision, and logistics: ' | | - , pages ()L = queries e may optimize with several A values simultaneously: the main cost 1s
e ; t ' - f ; . e Tier ¢ has a cummulative capacity C; (= sum capacities over ¢ < f); and Cy_1 < |D| < (. sages cueries sequential RAM read-write access rather than CPU speed
¢ 1he algonithm generates approximate sofutions ol max-low probiems o (yyeries g € Q from a stream, each with value v, > 0, retrieves pages D, € D o0 ol : v
. . : ’ ) = et be all queries retrieving page d, and
by performing stochastic gradient descent on a set of flows; L : : ! ! (1-vq) Qd 1 S Pag
. o e Bipartite graph G with vertices D U Q and edges (d, g) € E whenever document d should A (1-vq)
e We apply the algorithm to optimize tier arrangement of over 80 million be retrieved for query ¢; with |D| and |Q| very large (billions) / mg = mgéx vg and  s5:= Z Vg (9)
web pages on a layered set of caches to serve an incoming query stream; . . : : . q€Ld
pag ‘ J . | | g q y. e Penalty p; > 0 of falling through from tier 7 to ¢ + 1, 1.e. tier-miss at level ¢ < k. Q_>@ (s) 9€Qu
e Our algorithm solves an integer linear program in an online fashion; N Th d heurist; K and 6 by ab
. _ . . . . - T f e max and sum heuristics rank and tier pages by above scores.
e [t exploits total unimodularity of the constraint matrix and a Lagrangian Integer Programming (Billion-Scale)

e Two-tier case: any frequent query g with v4 > A should have its associ-
ated pages Dy cached; Any document d for which s; < A4 will definitely
not be 1n the cache.

relaxation to solve the problem as a convex online game.

Assign each document d to a tier zz € T, minimizing total weighted access costs.
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MOtlvatlng Example minimize Z Vg Z P, Ug = max zg (1)

deD,

Toy Data Experiments

z,U

The Tiering Problem <@ 1=l . .
subject to Z {zg<t} < CiforeachteT e random query-page graph with 150 queries and 150 pages, each query
Goal: JeD Left Two-tier max-flow problem for 4 pages and 3 queries. The minimum cut of retrieves 3 pages and v, := 102 + q)—O-S
e Cover incoming queries with low latency and computational load. Cost of query session ¢ is determined by the worst tier ug of the documents D retrieved. the directed graph needs to sevet all pages lethng to a query or alternatively it : e o
L . needs to sever the corresponding query incurring a penalty of (1 — vg). Two-tier optimization: (right) | R P er
e Allocate documents to successive tiers or caches of decreasing access Two-Tier (single cache or k = 2) Example . . . Sessi , luation:  f h N e
frequency, such that frequently accessed documents are found in the Right Same conﬁguratlon for 3 tlers...Black nodes and Flashed gdges represent a @ SCSSION MISS evalua 10'1;- or fegtllcl
highest tiers. Define fallthrough variables x; := z4 — 1 and yg, := ug — 1 such that x4, y; € {0, 1} and copy of the erglpal graph — addltlon.ally each Page In thé prlglnal graph also sesspn, a miss O.CCUT S 1 any o . € E
Simole but Sub-Oofimal Solut; has co-capacity link to the corresponding query in the additional graph. associated pages 1s not in cache, - ‘o
imple but Sub-Optimal Solution: - -
P . P . Xq < yq Whenever (q,d) € G. (2) curring v, misses for query g
e Assign a value to each document and arrange them such that the highest |mp|ementation and Tricks Three-tier optimization: (below)
. . . . o . . ’ 8.0 03 01 - 0% o8 1.0
valued documents reside 1n the highest levels of the cache; mm;r;nze Z veyq subject to (2) and |D| - Z x; < Cy (3) |
e Sub-optimal: to answer a given query well, a search engine returns not ’ qeQ deD Algorithm 1 Tiering Optimization  ® Input data stream: query-value-result |
only a single but a list (of variable length, but typically 10) of documents.  pajaxed Linear Program with Lagrangian 1; > O: Initialize all z; = 0 records (g, vg, Dg) E
Initialize n = 100 e update the tier preferences of the pages
gsgﬂm N ’ Web Images Video Local Shopping News More B mlnimiZ€ Z vqu - /ll Z .X:d SUbJ eCt tO (2) and .Xd, yq E [O, 1] (4) fOl’ i — 1 tO MAXITER dO With the lowest SCOI‘eS fOI’ eaCh level %L %1.
AHOO neural information processing systems Search | Options X,y 0 "
T T [ —— q€Q deD for all 9< leO, e decrement the preferences for all other
’ oo [lomiimti et e 08 Total unimodular constraints guarantee integral solution (x*, y*), which induces observed ca- M= Vi (learning rate) pages (lazy-update only pages retrieved wisze 00 o U
asin e toatconc,vEon, sch, o an : * * : : : , n—n+1
o omatonp.; S pacity C7 = ) 7 x,. Reformulate as an Online Convex Program in one variable: by query) '
B 1 d Update z — 2 — nV,(2) Y AR | Real Web-Scale Experiments
Wwisss oc Mool omaton P Song. Wi fefer. . p 7 e aggregate gradient steps s(n) =
o o, g 81 s ot it s oo, and s o Co. . A1 Project z to [1, k]~ via n - : : ..
e, e e, o cace minimize Z Vg Max Xg — — Z Xd | xg €[0,1]; 4120 ) 2, « max(1, min(k, z;)) 2.j=1 71j- Integral approximation yields e Data come from the logs for one week of September 2009 containing
doc S b o P s 004 e b g0l 4D ! 4 en ddfo - ’ ~d lazy updates 6(n’,n) := s(n’) — s(n) ~  results from the top geographic regions which include a majority of the
dOC 4;;;:;:1;;’;%281&&0%01& ral Information Processing Systems . Yol (doc 10 gZ(rZ) end fOI' 2 [ n, + nO N n + nO:I. SearCh engin@,s user base;
o - e only record (g, d) pairs in top 10 (first result page) for a given session ;
cache 2 . . .
d 5Neura| Information Processing Systems (NIP - . . . . . .
" ::L”s'“éL".ii‘;f";‘.:‘éz"ozaf’c';ii':u%ZY*&:}E:‘cm_tﬁ”é_aﬁs;)’d";%?;’hiﬁ':j&é??‘m' ""-.‘,1 General (mu"' cache or k > 2) Formulation e solutions for increasing A; form a nested subset: relaxing capacity constraints aggregate the view counts to form Vg
ot s Y _ e dataset contains about 10% viewed documents and 1.6 - 107 distinct
O e i i ’ Thermometer Code: For each d € D, map zg — x¢ € {0, 1" such that xg; > xg41. Thus, "% demotes but only promores pages. ueries. We excluded results viewed only once, yielding a final dataset
s A e L T O Cott zg =1+ Y, xg;. Similarly, u; — y, € {0, 1}k—1 with yg; > ¥,.4+1. Impose that e average binary solutions (xfl t) over the entire solution path provides an ordering qf > .°1 o7 4 ) y > Y g
dOC 7%@%“{%siteprovidesaccesstohigh-resolutiorscarsoftheor‘tire Of pages into tiers. O ’ Ocumen S.
o cache 3 Xdr < yqr for all t whenever (¢,d) € G. (6) N T e Using Path Following interpolation with |A| = 5, this run requires only
0C BRPS510: Nl fomaton oo ysas G st WPS 20 : : : I orithm ath rollowin -
A Relaxed Linear Program with Lagrangians 4 = (4p, ..., 4¢-1) ": in practice, Ig itiali Sl 2GB RAM and 20 minutes.
pancs ) nitialize all (xg4;) = z4 € [1, k] T o | -
] ] . nO need tO I’un eaCh A for eaCh /‘l E A dO ) | ReaII\Neb-SeaTch Experllmeﬂt(84.‘3mll.pag‘es and16‘.4mll quelrles). | Relative Improvement: OMNL-Rank-tier to Baselines
Other Applications minimize v'yp —1'xA,  subject to (6) and xg,y4 € [0, 1] (7) value till convergence . . . | il
X,y : . Refine variables x; (1) by Algorithm 1 using a Nl |
: L. 1f averaging : : .
e Database record segmentation: optimize items frequently accessed to- . . small number of iterations.
gether. Online Convex Programming: ecven |A| = 5 values end for u
. . .. of A recover LP solver : _
e Critical load factor determination in two-processor systems: optimize T Z £ with £(2) = v, max(zy — 1) + 1 Z Fiea— 1) ®) (optimal but slow) re- Average the variables xg;r = 2 aeA Xar(D/IA] 3o
pairs of program modules that need to communicate with each other. z 1 A D, “d 0| Ad Il) for D Sort the documents with the resulting total scores zg e |
, , o q deD sults Tor 2 tiers. Fill the ordered documents to tier 1, then tier 2, etc.
e Product portfolio selection: optimize products ordered together. O
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where f(x) 1s a convex extension of —A1x, piecewise-linear with slope —A; for x € (r — 1, 1).



