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Abstract

Graph partitioning is a hlndamental problem ill really scientific settillgs. This doc-

ument describes the capabilities and operation of Chaco, a software package designed

to partition graphs. Chaco allows for recursive application of any of several different

methods for finding small edge separators in weighted graphs. These methods include

inertial, spectral, Kernighan-Lin and multilevel methods in addition to several simpler

strategies. Each of these methods can be used to partition the graph into two, four or

eight pieces at each level of recursion. In addition, the Kernighan-Lin method can be

used to improve partitions generated by any of the other methods. Brief descriptions of

these methods are provided, along with references to releva.llt literature. The user ill-

terrace, input/output formats and appropriate settings for a variety of code parmneters

are discussed in detail, and some suggestions on algorithm selection are olfered.
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1. Introduction. Maily l)rol)lenls which arise, ill tile course of scie_ltific <'O_lll)ut-

ing have a combinatorial nature and can be conwmientiy described in terms of gral)hs.

In particular, it is often useful to partition a graph into subgraphs that are in some

measure as disjoint a,s possible. This is the case in divide-and conqtler algorithms for

problems like devising efficient circuit layouts or constructing nested dissection order-

ings for sparse matrix factorizations. Another prominent instance is the problem of

decomposing a large data structure to be mapped onto the processors of a parallel com-

puter. This latter example motivated the development of Chaco l, and we will assume

that it is the main interest of the reader in the remainder of this user's guide. However

we wish to emphasize that the code and its output can be used directly or with slight

modification to address other important problems as well.

For concreteness, assume we want to solve a partial differential equation on a dis-

tributed memory parallel computer. If we use a fillite difference discretization al_d _ll

iterative solver, the graph to be partitioned will typically have the same topology as the

computational grid: The iterate at each grid point must be updated using neighboring

grid point values, so graph vertices correspond to the update coInputation, and gt'a.ph

edges indicate that information nlust be transDrred frorn one grid point to a,llotller. Oil

a serial computer this tra,nsDr is accomplislled by writiilg to a.lld readiIlg t'rolll In_ll_Or3'.

However, when we 1nap this computational grid to a parallel conlputer, two w,rtices

joined by an edge and not owned by tile sanle processor inust COIlUlluIlicatc to (_xclla.llg(.,

values. Since communication is expensive, a ilml)ping tllat Inillimizes it. is desirable. ()f

course, we could assig_l the entire grid to a single processor and have no conmmtlication

at all, but tllat wouldn't be a.ll effective use of the parallel machine since one processor

wollld do all tlw work while the others remaii_ed idle. We _ust therefore also ol)serw,

the important constrai_t that each processor sl_ould be assig_e(l about the sa_ne amount

of vertex work a,_(l therefore (in ill(, simplest (:as(.') the sa_e _uml)er of verti(,es. Hence

we say infor_nally that tl_e objectiw,' of Chaco is to produce bal(,_zced sels witl_ low

corn mu nication o vet head.

Not all problems have sucl_ a convenient correspondence betwee_ tl_e cot_l)Ut, atio_al

grid and the nmpping requireme_ts of tt_e application program. For instance in a finite

element calculation, a more approl_riate approach may be to consider ea.cl_ elen_ent

as a vertex witl_ so_ne associated _pdate work. We would the_ COllstruct col_ecting

edges corresponding Io e_,cl_ face or cor_er in tl_e discretization nw.st_ since tl_ese edges

correspond to tt_e _m_-zero l)atterll ill l,]_eglottal sti(f_less I_mtrix. 'l't_e n_osl al)l)ropria.te

graph will depend upox_ tl_e ai)t_licatio_l a n¢t is left _!) to tt_e user.

Chaco is named in honor of Chaco Canyon, t,he sit.e of spect,acular A_a.sazi ruin,s in what is

presently northwestern New Mexico. lletween 1000 and 1100 AI) a great society, considered the t_ost,

complex and sophisticated on the cont.inent,nort,l_of Mexico, ttourished t.here.
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l"urtllernlore, all vertices are Ilot llecessa.rily created equal, l:or exa.l_ll)le, a, vertex

encodiIlg a. conlpul, ation oi1 the bouildary llm.y ila.ve less work a,ssocia.ted witll it l.]la,l_

a vertex ill the illterior of a (tollla,iII. l:or tills tea.soil, Chaco a,ilows weights to be

associa.ted witll ea.ctl w'rtex. Tile weigllt is SUl)posed to corresl)oIld to tile a,llloUilt of

work associated with tile vertex. Silllila.rly, edges nla,y corresl)oli(I to varyillg a.nlouiIl, s

of com11_uni(:_ttioll. For exa.nll)le, two fillit,e eleiimIIl,s toucllillg a.l, a, corner llmy llee(t

to excha,nge less information tha._ two sha.rii_g a. face. Chaco _-dso a,llows for a. weight

to be associated wit,l_ ea,ch e(Ige ('(_rresl)on(ling l,lw tlw a._ou_t ¢_1"<,o__i(:at, h)l_ it

rep resent s.

""s l)e descril)e(l _()re 1)reciselv. (',iv(u_ a. gra.l)l_ (;The l)rol)le_ of i_lc_(,t ca_ _()w ,

with _, weighted wwtices a,l_(l _n. weigl_ted edges, divide l,l_e v(,rti('es i_i,o t' sets in st_ch

a. wa,y that tl_(, su_ of tlw w, rtex weight, s i_ ea,(:l_ set is a.s ('lose as l)()ssil)le, a,_d l,l_('

sum of the weights of edges crossing betwee_l sets is _lli_liniiz('d. [lnt'ortt_lia,tely, ('v(ui i_

the si_l)le ca.se wl_('r(' p = '2 a_(l 1,1_('edge a_d verl,ex weigl_l,s a.re u_it'()rn_, l,l_is gI'_l)l_

l)a,rl,il,ioning I)rol)le_ is N l)-(:o_l_l)lel,e[4], llen(:e l,l_ere is _o know, l_ el[i(:ie_lt a,lg()ril, l_

to s()lve the I)rol)le_n ge_lerally, a._(l it, se('_s u_lit<ely tl_a,t su(']_ a,l_ a.lgoritl_l_ _,xisl,s.

We must therefore to resort to I_e,uristic solutio_s i_ which I)ala.nce _t,_' 1)(, lmrtia.lly

compromised or (more typically) l,l_e _ni_imiza.tion is at)proximal, e.

A variety of su(,l_ l_euristi(: methods with different cost/(lU_flity tradeoffs l_a.ve t)e(:u_

l)ublisl_ed. Chaco i_cludes l_el, l_o(is l)a.se(! ()_ several of tlws(, as well a.,',several sul)sta_-

tially _ew _netl_o(ls. The a,lgoril, l_s used are I)a,se(l ()n inertia.l, sl)ecl, ra.i, l(er_igl_eu_ -i,i_

(KL) and _ultilew_l l)rinc!ples in a.(:lditio_ (,o severed simpler stra, tegies. The metl_ods

are categorized as either lo('al (curre_ltly just I(1,) or global ((:verytl_i_g else). Chaco

a.llows you to conll)i_w glol)al a,_l(l local _lwtll()ds, a._ld we liav(, fou_ld 1,tl_tl.l,llis co_l)i-

nal, io_ leads to significant i_nl)rovenw_l,s i_ I)oth l)erfortna.nc( ' a._(l rol)usl._mss. A_()t,l_er

advantage of Chaco's design l:)l_iiosol)l_y is tl_a.t il, offers flexil,ility'. 'l'l_is is illlt,Orl, a,l_t

because we believe th_tt, given tl_e (:o_l)lexity of the l)arl, itiol_i_g I)rol)l(-u_, no ,_'i_z:/le

method will alwa,W worlc w_ql. Chaco gives you a, fa.ll back oi)l,io_ wl_(,_ your t'a.vorit_,

m(,thod works t)oorly or ha,s a.n ina, l)l)rOl)riate (,ost,/quality r_tio for a giv(u_ l)roblet_. It

also t'a.(:ilit_tes i_v(_stigat, io_ i_l,o l,l_e rela, tive sl,re_lgths and weak_ess of a wide va,riety

ot' t_et.hods.

lta,vi_g set tl_e 1)a.sic (,()nl.ext, we sl_ould raise s()_e tiller I;ut _ev(,rl.l_q(,ss i_l)Ort, a._t

issues. One su(:]_ issue is t,lw dime'_.siomtlil 9 of tile partitio_lil_g s('lw_('. Most. gr_tl)]l

l)art, itionil_g co(les rely ()_ re(:ursive I)is(,(:l,io_. Tl_a.t is, tlw gt'a.])l_ is l)a,rl.itio_wd i_l,o two

l)ie('('s, (,a.ch of tiles(, 1)ie(,('s is l)a,rtil, iol_(,(l i_to two _or(', etc. _t.il a _h'sil(,(l ilt_l)(,_' of

sets is rea(:l_(,(i. 'l't_is strat(_,gy is si_l)l(, a._d (,o_v(u_ie_t, but, _a.y t)(, s()_ewl_a.l, li_fili_g.

Graphs can be constructed for which any bisection algorithm must necessarily perform

poorly, a_d in l)r_tctice we obserw" tl_at bisection algorithn_s ot'te_l choose sel)a, rators



which look very good at one stage of recursion but not so good with the benefit of

hindsight at _ later stage. All of the pa,rtitioning algorithnls implemented in Chaco

are capable of partitioning graphs into two, four or eight sets at each stage of recursion.

We have accumulated some empirical evidence that the quadrisection and octasectioll

algorithms do perform better in some respects than their bisection counterparts. We

have also found bisection algorittlms preferable to their IIlulti-dinlensional w_rsiotls i_l

some situations. For readers interested in the interaction betweeil comnlunication tlletric

and partitioning dimensionality we can recommend several previous reports [7, 8, 10].

The basic difficulty in choosing the appropriate partitioning dimensionality is that

the correct representation of communication costs in the grapll model is somewhat

ambiguous. Most graph partitioning schemes work to suppress the total number of edges

crossing between sets without regard to the idelltity of tile sets 2 \¥e say these nwthods

try to minimize the total number of cuts. In contrast, several of tim multidinlensional

schenms we have developed can take into accoullt tile idei_tity of tll(' sets all edge

crosses between and work to minimize the hypercube distance between these sets. We

say they try to minimize the total nuinber of hops. For hypercube architectures and

for 2D and aD mesh architectures in some situations, the hypercube metric is nlore

appropriate because it better models message congestion. In other cases it may be

prefe.rable to focus simply on tile total number of bytes commuIlicated and hence rely

on a bisection scheille. When tile comnlutlica.ted messages are short ellough, the total

communication time will correlat;e best with message slal'tup.s. In the gral_)h nletric this

measure corresponds to the nul_ber of neigllborillg sets each set tias. \Vt, lla\'c also

included a method designed to deal with this (:otltixlgetlc,y by sul_l)rcssiilg tile xllaxiIimxI_

number of neighbors any set has. In fact, with an isolated change to the source code,

Chaco can implement some methods with an arbitrary cost function. However, all of

the methods currently implemented in Chaco nevertheless share the linfitation float we

must have p = 2_ for a whole number /¢. While this li_itatio_ applies to most graph

pai'titioni_g algorithlns a)l(I codes, it. is not t'undai_e_tal, a_{t _v(' i_tend float t'ul_lre

releases of Chaco will allow _oll-l)ower-of-lwo partilio_il_g.

The tnetl_ods ctlrrelltlv iIl_l)le_ne_t('d i_ Chaco aro d¢,s¢'ril,¢.(l i_ l llo II('XI s¢'ctiol_.

In !}3 we describe tlw i_l)ut for_al, ali(l the _ne_u ol)tio_ls t_s(,¢l t¢_ i_lvok(, llio difl'ere_l

methods. In {}4 we discuss several easily _odiIied i)al'allleters wl_ict_ allow t..l_eriser to

fine tune the code for a particular application. This section can be skipl)ed on a first

reading. Finally, in _5 we give sonde practical advice on obtaining, insta.lli_g and using

Chaco.

2 For simplicity let _s consider tl,e u_wcigl_ted grapl_ t_odcl i_ tills discus._iot_.



2. Partitioning algorithms in Chaco. 'l'll_' live classes of I,avliliollillg _llgo-

lit.liraS curretlllv in_l)lemented itl Chaco are silnple, sl)ectral, inertial, 1,_erlligllatl l,ill

and multilevel. These methods are briefly described below, allcl references to appropri-

ate lit.erature are provided.

2.1. Simple Partitioning. For coInpleteness and in order to facilitat, e certaill

comparisons, Chaco includes three very simple partitionillg schellws. In the linear

'_el t,lce_ are l rocessors,_hemc, ' "' s llll_eriIlgills" _ • assigned il order tOl) in accord with their flu

the original graph, i.c. the first I_/p vertices are assigned to sel O, tile ll¢'xt to set 1, etc.

This often produces produces surprisingly good results because data locality is il111_licit

in the nun_bering of t.he gral:_h. In the _'andom scheille, vertices are assigned ralldonlly

t,o sets in a way t.llat preserves balance, and in the scattered scheme vertices are dealt

out card fashion to the p sets in the order they are numbered. These xnet[lods are like

all the others in that they operate recursively and produce two, four or eight partitioned

sets at each stage of recursion. Llsually the randolll ordering produces partitions witll

quality between that of the linear and scattered part it iollillg. 'l'lle rul_ tilll¢' of tlw

random scheme is very small a_cl of the otl_ev sclw_ws is _egligil_h'.

2.2. Spectral Partitioning. Most of the code in Chaco is devoted to spectral

metl,ods. These metl_ods use eigenvect.ors of a matrix specially constructed fron_ the

graph to decide how to partition it. A full accounti,._g of this surprising connection

between eigenvectors and partitions is too involve_! to present here, but the articles

mentioned below offer plenary of detail on the su})je,'t, i

The sin_plest spectral method i_ t}w code is a w_'ighted version of sp_ ct_'al bisection.

:\ descriptio_l of the ullweighted algoritl_n_ is given i_l [lti, 17], a_d 11_' cxl_'llsio_l l_, use

both edge and vertex _eights ix described i_ [7]. This _netl_od uses t l_e secon_t lowest

eigenvector of the Laplacian matrix of the grapl_ to divide tl_e graph i_to two l)ieces.

This eigenvector is known as the I;'iedbr vector.

The spectral quaddsection algorithn_ divides a graph into four pieces at once using

the second and third lowest eigenvectors of tlw l, aplacian mat.fix. Similarly, .,'peclral

oct¢_section uses the seco_d, third and fourt[_ eigex_vectors to divide into eight pieces.

_ra_ Setiles mu,llidim{nsion_l spectral methods were it_lz'odt_ced in [7 8] where they were

shown to have some advantages over spectral I)isectio_.

In particular, we x_ote that s_pe(tzal-_' • quadrisection and o('lasl'cliOll t t'\' l_, _i_i_xiz_'

communicat.ion cost in a more complex _netric. Sul)l)o,se the part ilioncd sets are nu_n-

bered from 0 to 3 for quadrisectiot_ or 0 to 7 for octaseclion. Spectral bisection would

try to minimize the total weigl_t of edges crossi_g between different sets, whereas tl_e

multidimensional methods would use a metric in which the cost of an edge crossing

- t ,' of bits tt_at are differentbetween two sets is the edge weigl_t _liultiplied by ttw nuxn)el
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in a binary representation of the two sets.

Although this hops metric may seein o(ld at, first glance, it, tla.s a llice illterl)reta.tioll

in the context of parallel comt)uting. In a parallel computer consisting of four processors

connected in a mesh, and numl)ere<l in tile natural way, a Inessage traveling between

processors 0 an(1 3 must travel over two wires, whereas oTle between 0 aJld 1 need only

traverse a sii@e wire. 'l'his nul_d)er of wires is exactly the weighting ilnplicit in Sl)ectral

quadrisection. Similarly, spectral octasection counts wires us,-,d on a three dimensional

mesh architectures, a.lid both quadrisection and o('tas(,ctioll a.l_pli(_l recursively do so

for higher dimensional hypercubes.

One might suppose that this correspondence between cost n_et,ric a.lltl wires used

was irrelevmlt given the advent of cut-througll routing in which l,tle delay associated

with a message is nearly il,(tel)ell(lent of ttle Ilunlber of links it traverses. In fact this

independence only holds for isolated lnessages ill which there is no competition fl)r the

links in the (:onmlullicatioll llel.work. In a great many COml)utations, and most scienlifi("

api)li('atiolls, colnmuni(:ation o(,curs ill the form of bursts of nlessag('s (lurillg which

there is very significant competition for the lletwork. Hence wh(,l_ lletw()rk (:ongestioll

is important, weighting messages by the number of wires they collsullle stlotli(l lea(l to

better problem mappings. Empirical evidence sllpl)orting this axi(l t'tirtller dis('ussion of

the issue can 1)e t'(>,_nd in [6].

The con_l)utational kert_('l of Sl)e<:tral _nethods is the (:alculatio_ of a sn_all nut_-

ber of eigenvectors. We have implen_ented a variety of eigensolvers with differe_t

speed/robustness tradeoffs. I)mugl_ly in order of i_creasi_g speed, tl_ese are La_czos

with full orthogonalizatiol_, I,anczos with full orthogonalization usi_g the inverse oper-

ator, Lanczos witl_ s('l('('tive ortl_ogo_alizatio_ agai_st botl_ e_(ls of tl_(, sl)e(,tru_, l,m_c-

zos with selective orthogonalizatio_ against ti_e left end o_lly, a._(l a _ultilevel _(-,tl_od

combining l/ayleigh Quotient Iterations[5] a_d the linear solver Sy_l(t[l-t]. Several

of the issues governi_g the choice b(,tween these nmthods are toucl_ed upon below. It

should be noted that our co_clusions are based on lindted testi_g with the l)artic_lar

(:lass of _atri('(;s arisi_g i_ these al)l)licatio_s, a_d may I_ot b(' al)l)licable to a_y wider

dotnait_. "l'he,s_ art all ilrraliv¢ me lhods. _

In our ext)erie_('e, full orthogol_alizatio_l l,anczos is the _os! rol)_st _netl_od tk)r

t)roblems of order u1) to a few t_u_(lre(l. The r(,(l_ire_('nt of savi_g all the l,al_('zos

vectors for ortl_ogol_alizatio_ is _of tllal I_ur(h'_so_(, si_('(' tl_(' l)r(,l,i('l_s at(' s_mll a_(t

we use the_ a_yway i_ a.ssen_bling the eigenv('(rtors. 'l'[_' w('ak l)oi_t of iltis _('tl_o(l is

that for larger problems the orthogonalizatio_ work l)(,('o_l_(,s l)r()l_il)itiv_,lv ('Xl)e_siv_'.

The i_vers(, ot)(,rator t'_ll orthog(,_alizalio_l l,al_czos _(,tl_(,(I r_'l)lac('s ll_' _alrix

vector multiply in tl_e basic La_czos iteratio_ with a linear solve usil_g Sv_m_l( I. It

is generally less ac('urat(' al_(l robust tl_a_ (iirect l,m_czos with full orthogonalization



toldis oftellslowera.swellIJ_,causetlletot,a,llllIIIll)erof IimtrixvectorI11ultil)li_,s(wllicll

a,re hiddell wii,llill ,Sy11111_l<l)Illay be siglliiica, l_tly iligller. Ill a,_lditioll it i_ll,rodllc_'s tll_'

trickyl>rolJleI11of how to i,Ullethe iIllu,r/ollterIooi_COllll_illa,ti_ll.'l'llllSt.ll_'o_ly reaso_

ma._y fewer l,a,_czos il,era.tio_s.

Our i_l)le_'ntai,io_of select,ivy'ort,l_ogo_alizatio_isImse_lo_ tl_,origi_a.ll_a.l)er

I)yl)a,rlei,t a._dScott [IS],witI_i,i_e_m.i_dilfere,t_c_'I)_'i_gi.I_a,ti,lw Ritz Sl)ecl,r_t_ is

_onil,ored directlyto assessi,l_,_'_'_Iforortl_ogona.lizatio_.A biseci,io_a.lgorith_o_

_sed to I,a:ei)thisoverl_eads_mII. Most of tI_eortI_ogo_a.Iizatio_work occultsal,tlw

rigl_t_d oft,l_eSl_ect,r_n_,a_d is,it,l,_r_so_I,,u_ll_,c_,ssary.()rll_og<_alizi_iga.tt.l_'h,l't.

e_d only gei_er_dlyI)ro<luces_or_,ac0w,rate_,ige_Imirsi_,sl_l)st,_ultia,Ilylesst,i_e.'I'I_is

lat.t.eralgorit,h_lsee_is,I'or<n_rin_rlmses,_'._s_,_tia.IIyas accuratea.sI'_IIort,hogo_a,lizatio_

a_d iso_r _net,l_odoI'cl_oi<,efors_a.lla,_ll_edium siz_,_Isysl,e_s (_i_ t,oa.bo_l.I0,000

vertices),provi_h-,_ls_llici_,_t_,i_ory is_va,ilabh,.Silica,allI,i_,l,a,_<'zos,a,cl.ors_Isl,I_,

saved forthe ¢'ont,i_g¢,_cytl_atthe il,eral,¢,_sl, I)_,ortl_ogo_alizedaga,i_sla co_iv_,rg_,nl.

IIil,zvector,tl_is_el,l_o_lca_ ca_s_,I,Ii_,progra.l_to r_ o,iIof _'_I'v o_ v_,rylarg_,

syste_ns.'l'llisdillic_Itycal_l)eavoi&,<lby _'_l)loyi_ga |'(',_l_-|l'ti|ig .N('I|(_'lll('()_" I) 3" giVi_l._

_I_o_ _mi_l,a.i_i_gorl,I_ogo_a.lityi_ i,I_,I,a_iczosI_asis.'I'I_'s_'a,lt_,r_la.tiv_,sa.r_,,I_owev_,r,

slowera._d,intI_elal,t_'rca.se,i_po.,;ea._la,dde<Iriskof_u_<,ricalI_r_,a.kdow_.We _h,cided

to optin_izeow_rtI_elikely'ra_kO,ofal)I>lica.tionand a.ssu_wdthatforI)roble_sinwhicI_

n_en_ory would I_, a prol_le_ t'or 1,anczos, a Imrl, it,io_i_g _nel,ho_l desig:_ed for I_rg/'r

problen_s would be e_l)loyed.

For Imrl, il,io_i_g larger grapl_s IO' l,l_e Sl_ecl,ra.I i_wtllo_l, w_, r_,co_w_d l.i_e _ll, i-

lew,l IIQI/Syn_I_I_ 1eige_soiv_,r. 'l'llis is lmse{l oI_ l,ll(' _'ll_,,! _l_'x'_'lol)_,_tI_y llal'_ar_l

coarsening scl_e_ne Imsed oll t,l_e l)tlysi<,ai analogy descril_e_l i_1 [!0]. 'l'llis co_ll,ractio_

scl_en_e preserw,s tile low _odes of the operator sutlicie_tly well llla.t we _,_,<t o_ly i)_,r-

t'onn IIQ1 reli_w_nenl, l)eriodica, lly as we work imck l,l_rougl_ l,lw grid l_ierarclly. W_' t_av_,

also _odilied the Sy_l< I il.era.l,io_ I,o l._,rl_illa.l,e w]l_,_ the _or_ of l,h_, iterate reacl_,s a

presel, lin_it since IIQI is esse_tia.lly pert'or_i_g i_wwse it,eral, ion. 'i'l_e result.i_g n_,t, ho_l

is sew.'ral l,in_es t'asl,er t,i_a._ l,a._czos will_ selecl, iw' orl, l_ogo_alizalion for solvi_g la.rg_,

t_owevel', l,}_al, for large gral>I_s, eige_lvecl,ors oilier l,tla_ l,l_, l:h'_ll_'r v_,cl_r _s_ally gix'_'

pa,rtitio_s of si_ila.r qu_tlity l.o l,l_ose gener_tl, ed wit,l_ l,l_, l:ie_tler v_,cl,or (occasio_a.lly

better!). So slight nfisconvergeuce is _ot, tllat serious a problen_, espcci_dly if you euc

apl_lyi_g a local clea/_ui_ s<'l_'_'. A_otlu:r dra, wl_ack of t,t_, l{.(._l/S3'_l_flq _tlgoritl_ is
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that its run time is essentially proportional to the nulnber of eigenvectors solved tk)r.

This erodes its speed advantage when used as the eigensolver for one of the nlultMi-

mensional spectral partitioning schemes.

A critical issue ill tile proper use of iterative eigensolvers is the choice of ttle tol-

erance oil the eigen residual. This is treated in some detail later during the discussion

of the various code parameters in §4, but it is appropriale to mention here that all of

the eigensolvers have direct, residual checks to determine whether the requested eigen

tolerance has been achieved. In addition, the selective orthogoilalization schemes have

safety checks to monitor tile effectiveness of the orthogonalization, alld the multilevel

RQI/Symmlq code incorporates a heuristic to detect misconvergence. From time to

time and depending upon how the error and warning condition flags are set, one or

more of these conditions will be noted by Chaco. In most cases these are not show

stoppers: the desired safety standards have not been met, but tile colnputatioli will

proceed and generate reasonable partitions. If certain error or warning conditions oc-

cur chronically, you may need to choose different tuning paranwters. (Or, of course

there may be a problem with ttle code.)

In general, spectral methods are quite good at finding promising regions of the

graph in which to cut. However, they often do poorly in the fine details. Consequently,

we have found that it is advantageous to apply a local cleanup procedure to the spectral

outl)ut. 'File procedure we use is a generalized versiozl of an algorithm due to Kernighan

Lin, and is described below in !i2.,1 all(l ill tnore detail in [9]. 'l'tle actual improvenlent

due to this cleanup phase is problem depen(lent, but is typically 10-30(_,. The cost of

this cleanup phase is generally a small fraction of the total t)artit.iozling cost, typically

less than 10% on large graphs.

2.3. The inertial method. The il_ertiai bi;,,ectior_ illethod is a relatively sinlple

and fast partitioning strategy that uses geoIlwtric iIlforlllatiotl. Ill addition to a graph,

the user supl)lies geometric coordinates for each vertex ill one, two or three (limetlsions.

The code considers tile verti¢:es as poillt inasses witll lnass equal to the vertex weight.

The principle axis of ttlis collection of point inass_,s, wllicll is likely to be a direction ill

which the grapll is elo_lgated, is found. 'l'lu" vertices are then divided into sets Of equal

mass by plane(s) orthogotlal to tile l)riIlcit)le axis. l)escriptiolls of fills Illetllod call I)e

found in [13, 17].

Chaco allows ilwrtial l)artitiolling i_lo two, four or eight sets at once. This is

accomplished by using o_e, three or seve_ pla_les, eacl_ of which is ortllogo_al to tile

principle axis. Partitio_ls get,crated by i_lertial (luadrisectio_ or octasectio_ will appear

to be banded, with parallel pla_es dividing tlw sets. This "striping" will typically lead

to a fairly large surface-to-volu_e ratio, i_dicating a large volume of communication.



However, each set oilly has a snlall llUlllbcr of ileigliboring sets wtlich helps reduce

t}le llulllber of Illessa.ges sia.rtups eac]l proc('ssor llulst itlake. If tile cost of itlitiatilig

messag£s is il_q)ortallt, thell l)artitiolls USillg ilwrtial (lua<lrise<'tioll or octasectioll nmy

lead to faster al>l)licatioll e×e<'u'_.iol| l,ill_eS i,llall tllose gellerat(,<l witll i1_'rlial l>is_,ctioll.

Furthernlore, the nullti<limensiotlal itlerlial lnetllocls are so1_wwl_al faster l l_al_ itwrtial

bisection since fewer inertial axes umst be <'o1111>tlted,azl<! tll_' ovcrtlea(! of r_'c_rsio_

is avoided. Currently, the four or eight sets are assigned to l_rO<'essors in s_cl_ a way'

that neighboring sets go to adjacent hypercube processors. This gray codin9 urn+ not

be optimal for other ar<'l_il/'ciures and ca_ be switched off by n_o<lii'yi_g tlw_ routine

"recJnediau_l" i_ tl_e file "codeassigns rec_media_.c".

In our experience, inertial n_ethods are quite fast, but give partitions of fairly low

quality in comparison with spectral metho<ls. In l)articular, the Iocal<letailsofa par-

tition are oI'te_, quite poor. Ilowcvcr, wl_e_ <'oul_led witll I1_' l_;_'r_igl_+l_ 1,il_ I(,,al "1'

timization meil_od descril)ed below, t,l_e results sigt_ilica_tlv i_l>rOv(,. ()l_r ('Xl_'ril_l_'_l,s

indicate that inertial plus KI, usually l>rOd_ces better partitio_s tl_a_ pure spectral

partitioni_lg, wllereas spectral coupled with KI, <loes better tha_ inertial paired witl_

KL. For very large problems it_ wl_ich coordi_lates are. available and the emphasis is

more on low partitio_ing tithe ratl_er titan higl_ partitionii_g <tuality, we are in<'li_ed to

reconame_ld the inertial plus KI_ n_ethod.

2.4. Kernighan-Lin. ()_e of tl_e _osl l)Ol;_U!:tr_'tl_<_¢ls for l)artitio_i_lg gt'al_hs

dates back to work <lo_c i_ t,l_cearly 70's by l,;crl_igl_all _,<1 I:i_ [12]. \'_ri<,_s ('xl_,_lsi_,l_s

and improvements of tile original idea have bee_ proposed tl_rougll the years, i_wludi_g

the important linear time implementatiorl of Fiduccia a_d Mattl_eyses [3], l)ul at it's

heart, Kernighan I:i_l (KL) is a gre,:'<ly, local opti_lization strategy. Vertices are _oved

between sets in a_ eII'ort to t'('¢l_<:(' the cost of ttw partitioi_. Although tl_e origit_al

algorithm was for graph I)ise<'tio_, Suaris a_l<l l,;e<le_ [18] st_owe<l how it could be

extetlde<l to <luadrisectio_. We I_avc ge_lera.liz(,d tl_is idea so Cleat o_lr <'ode work_' <>_a,_

arbitrary nu_ul/)er of sets at (_<'(,. I'_t'ort_t_at_,ly, t[l(, r_lil_, <)t"ill(' algoriltl_ a_<l ils

memory recluire_n(,_ts i_crease st(,<,l_ly witl_ tl_(' _1_(,_ _,t"s(,Is, s_, i_ I_racti<'_' w(, _s_,

only bise<:tio_l, quadrisectio_l a_l_l octasectio_l [o _tiatct: t.l_' oilier _('t l_o<ls i_ Chaco.

A description of our generalization of KL is co_itaine<l il_ [10]. Iu our exl_eri_'_lce,

KL does not produce very good answers _ll<.'ss it, is given a goo<l starting guess. For

this reason, we find its value to be greatest wlie_ used in conjuliction with one of the

global partitio_ers. To test K 1, essc_,tially o_l its ow_, you <:a_ invoke tt_e sitnple random

nwtbod to provide a starti_g l>arlitio_.

2.5. A multilevel method. Our _ctt_od of ¢'l_oice for large prol)let_s it_ whictl

higt_ quality part itio_s are s<>_gt_t is tl_(, l_llilev(,l algol'ill_ <h.s<'ril>_,<lill [9]. "l_l_is
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method is similar in approach to the Inethod described ill [2, 11]. It works by creating a

sequence of increasingly slna.lier gra.phs al)l)roximating tile original graph, partitioning

the snlallest gral)h, and projecting tllis partition ba(:k through tile illt(?rlll(,(liat(, lev-

els. I';ernighan Liii is illvoked every few levels to refine the l)artitiotl, and the (:urrenl,

implementation of the code uses a spectrM method to partition tl,e smallest graph.

The a.lgorithnl for constructing sinaller approximations to the graph relies upon

finding a maximal matching in the graph, a.nd then contracting edges in the matching.

Edge contractioll is intuitively at.tractive because it largely preserves the graph topol-

ogy. When {dg ._ are a, es contracted, single vertex is created out of the two endpoints

with weight given by the slim of the weights of the eIldpoints. In addition, any edges

which bex,onl_"' _olncld"' " e.nt have tlleir weights sumlned and become a. singh, edge. These

operations have the effect of preserving solne of the Imsic properties of a partitiotl as it

r _ eis moved between graphs in the hierarchy. Ih. size of the snlallest graph is an iill)ut

option, and lhe frequency with which to illvoke KI, is a user Inodifiable parameter as

described ill !i'l.

In our experimlce, this nmthod gives very high quality answers in moderate time.

It is not as quick as the i11erl,ial l)llls KI, tnel,]lo(t, but it generally produces better

partitioJls. In Illost cases it 1)rocllices lmrtitiolis wllicll are better than those generated

!)3, specl, ral plus KI,, I_lll rllns siglliticalltl.v faslcr tllarl ally of Ill(' Sl)eclral l_etl_ods.

More o_ tl_e worki_gs and l)erfor_mnc'e of tills _ultilevel _elhod ca_ I)e t'ou_d i_l [.9].

3. Input and output formats. Chaco i_l)Ul co_sists of o_m of _ore files, a_¢l

the respo_|se to several i_leraclix'e (l_u,ri(,s. l:ih,s are _sed to describe the gral)[_, a,_<! if

_ecessary to give geo_elric coor_li_al,es. 'l']_e i_teractive i_l)ut specifies tl_e l)artitio_i_g

a.1. Format of graph input file. 'l'i_e ('sse_tial Chaco i_li)_l, is a gral_]_, wt_ich is

read fronx a file. :\_y lilies iv_tl_is file tllat begi_ witl_ 111('cl_aracter "t7_'" are co_lsi(lered

lwo i_tegers. Tim [irsl integer is t]_(, Ilun_ber of vertices i_ l]_e grapll, a_(t ll_e seco_d is

li_e n_l)er of _'_lg_'s..Nole l]lal tile llllllll)('r of edges is I_alt"of lh_' sul_ of I]_(, _l_l_b_,r

of _,ighl:)ors of ea('l_ vertex. \.'erlices i_ 11_('gral)l_ are assu_ed to be _!_(;_'('(1 froI_ 1

Io _. 'l'lle r_'_u_i_i_g _ _l_I_-c(,_e_l li_'s <'o_lai_ _eigl_bor lists for (,acl_ verl('x fro_ 1

Io _ i_ <,r_t_.r. 'l't_.se lisls ar_' .i_sl s_,ls _,t' iz_l_,gers S_.l)arated I_v spaces l,]_at co_tai_ all

of gral)t_ files _'a_ I_e t'(,_l i_ s_l_,lii_.cl(,rv "'¢.x_'_'_ial_h'" ll_' 3' l_av_. _ail_.s I_.gi_i_g

wil h "'gral_]_".
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Chaco also allows for tile input of graphs with weights on vertices and/or edges.

This is indicated by including a third parameter on the first non-comment line of the

inpllt file. This nuinber has three digits. If the l's digit is nonzero, then edge weights

will be read. If the 10's digit is llonzero tllen vertex weights will be read. And if the

100's digit is nonzero then vertex nunlbers will be read, as described below.

Edge and vertex weights should have enroll iIlteger values (to be coilservative, the

sum of all edge or vertex weights should be representable in a standard integer). If any

vertex has a weight, then weights must be given for all of them, and sinfilarly for edge

weights. If the edge weight option is selected, then edge weights are included in the

graph file immediately after the corresponding entry in the neighbor list. That is, a

neighbor list will look like

neighbor1 edge-weight1 neighbor2 edge-weight2 ...

If the vertex weight oi)tioll is selected, t.hexl eacll neighbor list. nmst begin with the

weight of the vertex the list belongs to.

If for sonl= reason you w• e ish to list the graph vertices ix_otller t,lla_l the natural order

fi'om 1 to n, you can do so by including vertex numbers. The number of a vertex will

be the first value on a line comprising a (weighted) neighbor list. The vertex numbers

assigned this way must contaill the values t'ronl 1 to I_ and ollly those values.

The most general form of tile graph input file is illustrated below. The different

ogtioilal parameters are i_ldicated by. tile diff.lcnte'_ styles of parentllesis.

% This is the format of the graph input file

Number-of-vertices Number-of-edges {i}[I](I)

{Vertex-number} [Vertex-weight] neighbor l (edge-weight l)...

There is one exceptioli to tills gelleral gral_h formal. If you are IlSiIlg tile il,ertial or

one of the simple methods without l'_ernigllan-Lin, then it is not essential to include a

graph. The partitiozliIlg is based entirely on geoIlwt, ric data. A grapll file is still tleeded

to read the n,_nber of verticc.'s', but the remaining lines describing the edge lists can

• . otebe skipl)ed N tllal the code will be unable to evaluate the (luality of a parlitioil

wit.hollt the graI)tl. Nol'Illallv several iI_easures of lhe l)arliti()ll (ttlality are ('olnputed

and printed ollt, but this is skipped if l tw graph is not l)resenl.

a.2. Format of coordinate information input file. If \'o_1 ar_' usillg t]le iil-

ertial i_wtl_od Imrtitio_li_lg ol,tio_l, you will lleed to l)rovide gconwtric coordi_lates for

all verlices. _l']_ese are i,laced i_l a different file, exaniples ot" which ca_l be fot_Ild i_

subdirectorv "'executable" witll _a_les l_eginning with "coords Ill:se geometry files

have tt lines, a)ld li_le i contains the cooI'ditlates of vertex i. Each li_le n_sl have 1, '2
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or 3 real values, corresponding to a one-, two- or three-dimensional geometry. Chaco

determines the dimensionality by looking at the number of values on tile first line.

3.3. Operating the code. To operate the code you must answer a sequence of

questions. With a basic understanding of the code structure and the methods described

in §2, these questions should be mostly self-explanatory. A brief outline and a few notes

are, however, in order.

First you will be asked to provide the names of the graph input file. If the

OUTPUT_ASSIGN or ECHO parameters from §4.1 are set appropriately , you will also be

asked for the names of output files. You will then select a partitioning method from

those described in §2. Depending upon your selection, you may need to answe," a few

additional questions. You must then specify the dimension of the partition, which is

si111ply the log 2 of the number of partition sets you desire. Finally you will choose

whether to apply the partitioning method in bisection, quadrisection or octasection

form. Note that if you choose quadrisection or octasection and an integral number of

steps will not produce the specified number of steps, Chaco will automatically change

to either quadrisection or bisection on the last stage of recursiozl so as to gel_erate the

required number of steps.

Because some of the coarsening mechanisms are common to both methods, you

are not allowed to invoke the RQI/Symmlq eigensolver and the multilevel partitioning

technique at the same time. With either method you will be asked how many vertices

you wish to coarsen down to. The coarsening technique removes about half the vertices

at each level, and it will continue until the number of vertices is no larger than the limit

you specify. We generally use va.hles in the range ,50 to 500 for this parameter. Note

that because quadrisection and octasection make use of lligher t'rcqtlellq.v iilforlllatioli,

they may need a slightly larger coarsest graph to resolve thii_gs as well as bisectioil

does.

3.4. Output formats. Chaco has various output options which are controlled

by parameters described later in §4. As these parameters are increased, more detailed

information is l)rinted. If they are all set to zero, no output is produced.

The parameter 0UTPUT_METRTCScontrols the calculation and printiIlg of several

partition inetrics. C'uts, llol)s, llumber of I)oulldary verti(:(,s and nulllber ot' set lleighbors

can all be displayed in detailed or sumlnary form. Assort_:,d tizlliltg iiitbrmatioll is

displayed under the control of 0UTPUT_TIME. This intbrlnat.ioii, aloilg witll the illl)Ut

parameters and the settings for nlany of the user accessible internal parameters call be"

written to either the screen or both the screen and a designated file under the control

of the ECHOparameter.

In addition, Chaco ¢:all write a il output file coill, aining the partition assignnlellts.
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If the graph has 77.vertices this file will llave 7_lines. Line i coiltains a siilgh, nuI_lt, er,

indicating tile set to which vertex i is assigned. (The set nt, nbers begin at zero.) The

generation of this file is controlled by the parameter 0UTPUT_ASSIGN.

4. User-modifiable parameters. As a collvenience, we have collected most of

the internal parameters which control the operation of Chaco into the file "User_params.c"

in the directory "/code". These parameters can be modified to tune the code to your

application. (It might be prudent to save a copy of the original file so that you can

return to the "factory settings" easily.) There are two types ot' parameters, those that

change the execution of the program, and those that merely generate additioi_al output

for debugging. The default values for the debugging parameters generate a modest

amount of outptlt, which can be increased or decrease<! as desired. The defaults for the

execution parameters were selected to provide a reasonable balallce between run time

and quality of the solution, but we nmke no claim to having selected them optimally

for your problem. The parameters and their functions are described below.

4.1. Input and output control parameters.

CHECK_INPUT If nonzero, the gra,l)ll all(1 illI)Ut l)aralneters are cll<_<:kedtbr errors. Al-

though checking l,he graph can take a few secollds for larg_" prol, lezlls, this

feature shollld probably t)e left active for robustlwss. (Tlxe tilne for l tlis ¢'tleck-

ing will be printed out it"you set the parameter 0UTPUT_TIHE to be gr¢,ater t]lall

Zel'O. )

OUTPUT_TIME This value deternlines how mucll inforlnation gets printed about the ruIl-

time of Chaco. A valueof0 lnea ns that nothing is l)rillted, and values of 1

and 2 allow for increasingly detailed tiIllillg outl)ut.

OUTPUT_METRICS Tllis paran)eter coIltrols how much ilafoI')_latioll al)out tile (tualitv of

the computed partitioIl will I)e computed aIlc! l)rillted oil Ill(, s¢'r('('ll. :\ z('ro

value meatls that no evaluation will be l)erfor,_'d or l)ri_l_,d. Values u I_to _

_naximum of 3 display increasing a_nou_ls of i_t'or_atio_. "l'he _wa_i_g of tl_e

output metrics is described in !i3.4.

OUTPUT_ASSIGN If tl_is value is _onzero, then you will be l, rO_l)ted for the ,,a,**eof a,

file in wl_ich the vertex a ssign_e_t will be l)rinted. A description of the format

of this output file ca_ be found in !i3.4.

ECHO This parameter controls the printing of the valt_es of the i_l)ul parameters, as

well as whether to copy results of the ru_l to a fil_'. If tliis valise, is 1 or-1, t,h_'

inpul selectiolis will be echoed to tt_e scre_,,_. 1t' il is 2 or -7, I}_,li ll_, l'¢,]_'\,a_l!

zero, t]_eI_ you will be asked for the _a_e of a file i_ which to record the results

of t_ rtttt. 'Fltis fih' will colltait_ t ll_' sa_e igtl)ut seh'ctiotts attd l,arat_eters tidal
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are copied l.o the screen, along with partition metrics and run time breakdown

controlled by OUTPUT_blETRICSand OUTPUT_TIME.Saving these results ill a file

can be useful if you are doing a sequence of runs for later aIla lysis.

4.2. Eigenvector calculation parameters.

EIGEN_TOLERANCEThis one 1)robat)ly deserves its own short l)aper. All we can do here

is make a few general remarks and urge caution. If you are using a pure spec-

tral method or the multilevel partitioning method then you need to calculate

eigenvectors. This parameter controls how accurately you compute them. It

is a tolerance on the eigen residual IIA - where (A,,,) is the eigenpair of

A in question. An extremely accurate calculation is expensive, and probably

unnecessary, t)articularly if you are using l<erilighan Lin to refine the spectral

partition. However, ill general the quality of ttle partition gradually degrades as

the accuracy is reduced below sollw critical l)oilll. This ('_ll l)e a result of ina('-

curacy in the eigenvector, or it may be because the eigellsoiww llas cotlw'rged to

an entirely wrong eigenl)air. This latter l)llenomenoll of miscoll_ergellc(, oc('llrs

quite frequently if you use too large a.ll eigen tolerance because there are many

eigenvalues in any itlterval of that widt!i. So to be really correct one should

l)robably relate the eig(,ri tolerance to th(' expected gap I)etw(__'n eigeuvalues ill

the relevant portion of the si)ectrunl usillg, for exanq)le, tll(; gral)ll size. But,

as discttssed earlier in !i2, slight .fiscozlvergence is t_ot a grave probleI_l sizlce

misconverged eigenvectors often give good partitiozls. 'l'lle llllllti(lillwrlsional

spectral methods do iu geIlet'al re(luire somewllat lligller e,ccuracy tl_a._ sl)ec-

tral bisection to perform at their best. Apart from this, however, the qtlesticm

of the al)prol)riate eigen tolera_ce and risk of _uisconvergence is n_ore a ques-

tion of l)ei_lg able to repro(lute l)artitioils r('liably arid of having a fair basis

()_ whicl_ to ('o_l)z_re eige_ls()lvt'rs. Chaco's (lesi,g_ l)l_ilosophy o. tl_is isstle

is tllat you slio_ld get ttle ac('t_racy you re(ltwst, and, faili_lg ttiat, you should

I)(, warlwd a_l(l tol(l Ill(, _,('cur_icv x'o._ di(! get. We feel ttw l_rgest value of

EIGEN_TOLERANCEtl_;_t is _(lx'is_l)le for ge_lera] _se is about 10-:". an(I float is

wliat we ship the co(le witl,. If y(),_ are r('allv press_lg t'or sl)ee(l a_(l _,re us-

itig a local ci(.a_lt_1) pti,ase, a value of l() -'_ _liiglit be reasonable. At, the otlwr

extreme. _, value of l0 -(; should prove acceptably tight in niost situations if

you're worki_g o_ a gral)l_ large e_ougl_ to r(_quire l_igher accuracy, you st_oul(l

l)rol)al)ly swit('l_ to t lw ,._,lltilex'('l l)_rtitio_i_g _ett_o(I, wl_ich generally gives

LANCZOS_SO_INTERVAL If you are tlsi_g l,l_e selectiv,' ort i_ogo_alizatiol_ varia_t of La_ac-

zos, t l_(ul tl_(' ('o_v('rg(,_('(' ot" I1_(' I)ro('ess is ('l_e('l<('dil_(lir(wllv t t_t'()t_gl_ll_(' H ilz
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pairs every few stel)s. 'File llund)er of lmnczos iterations between clmcks is set

by th,_ value of this paralIleter. ('lloosing a large value will gelwr_lly ilia.k(' tim

computation run lllargillally faster, but increases the risk of degraded accuracy

or misconvergellce. A snmller value is more robust since numerical breakdown

due to the convergence of Ritz pairs will be detected sooIler. If you eIlcounter

convergence problems wllile usillg selective orthogonalization, try reducing this

pa.ralneter.

BISECTION_SAFETY Whe)l usi))g selective orthogonalization, sonw of the extremal eigen-

values of the t.ridiagozlal matrix must be found periodically (see LANCZOS_.SO_INTERVAL).

If the number of eigenvalues to be found is sllmll, a bisectioll a lgoritillli is used

to find roots of the Sturm sequeIlce which correspond to the eigenvalues. This

parameter amplifies or shrinks the convergence tolerance, on the bisectioIl algo-

rithm. A higher value specifies a tighter (smaller) tolerance and results in more

accurate COml)utation of these eigenvalues, but a slightly loIlger rull tinw.

LANCZOS_0_TIME If you desire a detailed breakdown of the t,inle spent in dilferent sta.ges

of the Lanczos eigensolver, then this paranwter should be set to 1. Lanczos

will run very slightly faster if vou leave tills value a.l 0, sillce lna.llV fewer calls

to the tinting function will be made. This nmy be noticeable if many calls are

made to Lallczos.

WARN1"NG_.EVECSIf this paranleter has a value greater than 0, the occurrence of sev-

eral possible llunlerical problems in the eigensolvers is monitored. Wheil using

RQI/Symndq, a value above 0 means you will be notified if the eigen residual is

not converging lnonotonically, an indication of l)ossible misconvergence. When

usiIlg Lanczos, a value al)ove 0 lnea.lls you will be notified if the requested eigen

tolerance was not acllieved, if there has beeIl a minor or s('ver(, loss of orthog-

onality in the coml)utation, or if the ma.ximunl ntlniber of Laliczos iterations

was reached. A value above 1 means that if any of the preceding warning con-

ditions occur, you will be notified of tlw eig(:llvalues and predicted aIl¢l actual

e.igetl residual tolera.l_ces conll)uted. A value above 2 means yotl will be notified

when the COml_utation of the eigenvector of the tridiagonal matrix is _ot very

accurat(:.

WARNING._ORTHTOLTl,is para)neter det.ermi)ws the level of loss of ortl_ogo_,ality i_, l,a.)_c-

zos whiclt is considere(l _i))or but wortl_ r(,l)orti_g. If t l_,, rati(, l)(,tw(,(,l_ t[_(,

estimate of the eigen residual a,xld the co_ni)uted eig(u_ residual is abox'(' tills

va,lue, the minor loss of orthogo))ality condition is triggered, llet'er to tlw dis-

cussion on WARNING_EVECS.

WARNING_MISTOL Same as WARNING..ORTHTOL,but thisvalue indicatesa more serious

loss of orthogo_ality. In some cases this _nay i_dicale )_)isco_v('rg(,_('e, l_ence
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the name.

WARNING_SRESTOL If the residual (""ncountered at the en(I of the recurrence used to

compute the eigenvector of the tridiagonal matrix ill 1,anczos is above this

R t_i to tile discussion onvalue, a corresponding warning condition is [lagged. e','

WARNINGEVECS.

4.3. Other parameters for spectral methods.

MAKE_CONNECTED Spectral methods can break down if the grai)h is disconnected. Even

if the original graph is connected, disconnected graphs can be generated in

the recursion. To avoid any associated l)roblerns, we use a breadth-first-search

algori)hm to find connected conlponents and add a rninimal number of edges

to make the graph connected. I[ MAKE_CONNECTEDis llonzero, titan this coll-

nc(tl ity check will be invoked whenever a sl)ectral ol)tiorl is s('le(,ted. You

should only change this l)arameter if you l)lall to use a Sl)e(.'tral llu'thod and

you are certain that you will only ol)erate on collz_ected gral)hS (i. ¢. it"you aren't

recursing).

PERTURB Spectral methods can encollnter l)roblems if the graph has symmetry since its

eigenvalues can then have multiplicity greater than 1. 17:orspectral bisection,

all you call hol)e for is selecting solne ve(,tor (wtlich del)ezl(ls oil tlw startiIlg

I,an('z(_:s _ector)in the subspace of secon(l lowesl eigeuve('tors. Howewu', sinc(,

they work within a subsl)a.ce of '2 and 3 vectors resl)('(,tively, spectral quadrisec-

tion and octasection call llaIl(tle two or tllre(' degrees of Inultil)li('ity r('spectively.

Unfortunately, I,anczos can't easily hlentify tltis lntlltil_licily. \¥e (:all, llowever,

avoid the issue by randomly perturbing the matrix. The parameter PERTURB

controls wllether or not this perturbatioli is invoked, lrsing this option he.ll)s'

avoid l)roblellis ill SOIlle degenerate cases like the square grid graph, at the cost

ot'a very slight il_crease run tiii_e. \V(, re('oln11_e_d thai you leave this feature

actived unless you are sure you (lon't _(,(,(1 it.

NPERTURB If the PERTURB ol)tio_ is t)ei_g use(l, tills l)ara_(,ter i_l(li(,ates how nm_Ly

randon_ edges at'(, a(l(led to th(' gral_l_ to break tt_(, sv_¢,trv.

PERTURB_MAXIf the PERTURB ()l)tion is bei_g us¢,(I, ll_is l)araIl_('l('r is ll_. _laxi_u_l_

value of all edge weight for one of the race(lonely a(lded edges. A st_m.ll value

will perturt) tl_e eigenvectors a sn_all antou_t, l)ul if tl_(, l)(,rl_trl)atio_ ix too

s_tall, tl_('n l,a_('z()s i_tight _()t be al)le to separate t l_e eige_ve(,tors. This value

sl_o_l(! l)r()bably I)(, a s_all _lllil)l(' of EIGEN_TOLERANCE.
i
' COARSE_NLEVEL_RQI '1'1_(' [)_tl'_tlll('t(T al)l_li¢,s if v(,t_ at(' _sit_g lit(' sl)e('lra[ |ll('t[io([ witllI

tl_(' I(QI/Sy_I( 1eig(,_solw'r ¢)])ti()tl. As you work back l.]_l'Otlg]l tit(, inter_t_e-

diatre gral)[_s, the al>l)rOXit_atio_ t() tl_e eige_v('ctor is refi_e(! witl_ t{ayleig]_
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Qu()tiellt lterai, ion every f(,w lewqs. ]'Ills l)al'alu(_t(:u' iIl(lica.i,es how inally l_,vels

occur 1)(_'twe(ul tllese r('fili(uli(,lll, s. A sr_all value [()r this l)ar_unei,er is nlore

rol)ust,, but a large wilu(, will reduce (,x(,(:ui,ioll tiIll('.

MAPPING_TYPE We have inll)lelllelll,(,(I several lll(.'ilio(ls for gell(,ratillg azl a ssigiiill(ull

from two or thr(,e eig(mvectors. 'Fllis flag allows ttl_, llserto switcli I)etw(,eil

l,hem. II1 our exl)eriell(:e, i,]le ('lear winner was a I)il)artii, r Illa,i,rtlilig a lgorii, lliil

clescri/)e(! ill [7]. This Ol)l.ioIl is illvok(,(l l),y a value of 3, _Ii(l w(, (,ll(:ourag_, users

to leave this pa.rani('i, er alolie.

OPT3D..NTRIESIt" you a.r(; iiSiilg Slie('tral o('l, as(,('l.ion_ th('ii wheli iila.1)t)iii _ Dark i,o a

(lis(,rel,(, solui ion you lle(,(l 1,o solve a (:ollsl.raili(_(l, glol)al ol)l, illiiza.i, ion l)rol)leni

l l_ " "! I
as (1(., Cll )(.(i in [7]. In our (,Xl)('i'iCllC(', this prol;)lenl usually llas a snlall lltllilber

of lo(:al llliliillliZel'S, so w(, solv(, it, USillg local llliliilllizaliOli t.(,('hiii(lii(,s frolil

ra.n(IOlli sl,ai'l.ili_ l)Oilil, s. 'l'tii._ l)aralil('i.(,r ('olil.rols liow llialiV I(,ral Iliiliilllizal.ioliS

_>el, (lOll(', ali(I slioul(! Olily t)t' ilio(liti('(! I)y sopllislical(,(I i1._t,!'._.

4.4. Kernighan-Lin parameters.

KL_METRIC _hcli (livi(linl illl.o lliore l.haii '] sets al, Oli('(,, olir illil)lelli(,lita{ioli ()f l((,i'ni_liali

I,ili ('ail l, ry Io nliiliinize aiiv ilil, er set lllelri('. Two a.l'(' ('iirr('lll, ly l)liill into the

('()(le, all(! arc ('olilrolle(! t).7 tllis 1)al'aili(,l.(,l'. If l,he vall_(, of KL_ETRIC i,_ t)lit,,

l,h(,ll all _,(!_(,,_('r()ssili_ I_(,tw_'_,ii l,wo s(,l,s ar(' 1.i'('a.l.('(i ltl_, Salli('. 1t"tti_' valli('

is two, l,hoil c(l_es are w('illil, e(l ill a iiyl)(U'(,ul)e lio !) liietri('. Tliat i,_> a.ll t,(1_(,

i:tetw(,eii s('l,s 0 ali(l I ('(isis o11(, tliir(l of all ('(i_1' I,('i W('('II 0 ilii(l 7. _01._' l. lial

l. lie spe('tral (lua(lris(,rl, ioli all(l (>rl.as(,('lioii aigjorillilll._ alilollialically Jill, il liv-

l)('r('uhe ho 1) lliel, ri('. If )'()11 wi,_li i(, IIS(' a (liff(:.r(uli liit'l.l'i(', VOII Call l, iill<('r wii_l_

tile a.l)l)rol)rial, e ('o(1(, ill "/<'(>(1<'/lliaill/l_alaii('e.('".

KL_RANDOM lhi,' fla._ l, lii'lis oil ali(l off i, lie rali(ioilili(,ss iii l.lie l(el'lii_liail l,i,i i'()lil, ili(,s.

\'V(, re('Oililli('n(l lhal, yOil leave l,liis l)arallieler alOli(, Sill('(' ii iil('r('as('s i tie (luality

ail(I i'ol)iisl, ii('ss of I(('i'lii_hali l,in [or a i.illy ili('r(,asl' ill rlili tilll('.

KL_AD_OVES Oiir v(,rsiOll ()t' l<_u'lli_llaii l,ili ('all (,xii a l)ass t'ai'l<v it' ii (to_'._li'l. ,_(,elll i.o

I)(, lliakili_ ally I)l'(J/_r(',_,_. 'l'lli,_ I)al'alli('l_'r ('<llill<,l._ li<>w (llli<'klv I<1, will llil l lii._

('iilot[, .'\ lai'_(' valii_' will lliak(' !<!, I11O1"1'('tt'_'(:iiv_'.lilil will al_<, iil_'l'_'_i._(' ilia'

rlili tiliic.

KL_NTRIES_BAD 'l'llis i)araili(,l(,r ('ontrols l,lie ._l,e('_lat. wlii(:ti i ll_' l(('l'iii_tiali l,ill ('o(le

i,_ exii_'(I. 'l'tle I<I, r()iitili(, will _'xii at'l_'r KL_TRIES2AD l,a._,_(,._iii wlli('tl li()

illll)rov('lli_,lil is (lei_'('l,_'(I. lt(,('alis(' of l'ali(l()llilie._s, _i l)a.s,_ witli li(/ illil)r(Jvt'lil('ill

('all I)(' t'(,liow(:'(! I,y ()11(' l.tial tiil(i,_ a l,_,ll(,r iiarlil, i(iliiligj, lI()w(,ver, if yoli st,l.

KL._RANOOM to zero, l ti(.ui yOll sliolil(l set KL_NTRIES_BAD Io 1. A large value

for this l)aralllel('r will I)ro(luc( ' I)eller l'esillt,_, IJlll will ('all,_e i lie ('o_1_' I.o rllli
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longer.

KL_ONLY_BNDYAt one point it seemed like a good idea to only require Kernighan l,in

to consider movillg vertices tllat were on tile boundary l_etween s¢:L. Our

implementation of this idea actually runs slower and giw_s worse answers than

t,rlu- K I,, so we elnl_hal, ically discourage challgizig tllis l,_al'alll('l('r.

KL_UNDO_LIST This parameter i,/lrllS Oll all optinfization tllat drallmtically reduces tll¢,

run time of Kernighan I,ill for large graphs. Instead of buck¢,i sortillg ttl¢'

entire se! of possible vertex moves before each pass, this option preserves tll_'

mow:s t,hat haven't been changed; typically the vast lnajority. This leads to a

dramatic increase in speed, wilh no perceptible change in quality. We strongly

encourage you to leave this parameter alone.

4.5. Parameters for multilevel methods.

COARSEN_RATI0_IN 'l'llis valli_' is enlploy¢_'d it' you are Usillg ¢,itll¢.r I i1¢' l(Ql/S.vll,I,dq

eigensolver, or the nullt, ilevel l,artitiollillg algorilt|!ll. It sllould llave a value

between .5 and 1.0, ret,resmllillg l.}i_'tllinillml acc_'l>ial_le re¢lucliowl i_ l_u_l_],er

of verl, ices associat¢,d with a coars¢,_i_g slet,. If a st,ep fails to acl_i¢'v¢' finis

redt_ction, tJ_e coarsening algorithn_ exits l,r¢'xnaturely, a_d the r¢.sulting calcu-

lations will he perforx_¢,d ox_ a larger gx'apt_ tl_ax_ anticipal.ed. The coarsening

algorithm can_ot x'ed_¢'e the nund,'r of vertices by more than lmlt', so tt_is valise

sl_o,_ld always !)_, gl'('a|('l" (]lall .._.

COARSE_NLEVEL_KL 1t"you ar_' _si_g tl_' _ltih'vel l,arl itio_i_g algoril t_, l l_en l<_'r_igha_

l,i_ gels i_vok¢'¢! l,¢'rio_lically _,_, s_cc_,ssiv¢'ly ti_'l" gral,l_s. "l'llis i_al'alll¢'l,'r ill-

di¢'at¢'s how i_a[_3' ]¢.v¢,lsocc_r I,¢,tw¢,¢,_ I]_¢,s¢,i_vo¢'ati¢,i_s. :\ si_a]] va]_, t'_,_

COARSE_RLEVEL_KLwill i_'ad to I_ell¢'l' lml'lili¢_l_S, wl_ih' at larg_' val_u, will r¢'_1,_¢'_'

4.6. Parameters that control debugging output.

all /llll'CCoV('l'al)](' ('1'1'()1' COll(lil i(,lliS (ql('_,lllll('I'('_l, [11 wl_icl_ ,'as_, a sl_¢,rl i,_,,ssag_,

is l,ri_ied I_et'or_' lll¢' i,logl'all_ al,orls. .-\ val_' of l will I,_'o¢l_lc,' a l_tu,l_,l'al_'

alllOlllll alllOllllt ofillfOl'lll_il[Oll, '2 a I_il Ii1O1'(', all(I so {,11 i1 l) Io il illa.Xillllllll valll(.

of .5.

DEBUG_KL This tlag ¢'o_Irols t l_¢'()llll)ll| [11 Ill(' l<¢'r_ligl_all 1,[_ r¢,uli_'s. No ,h,l,llggi_,g;

o_tl_l in ge_eral.e¢[ if tl_' valise' is (1, while tl_e i[_l_l'{)_,'_'_'_i ¢lue to l<l, al eacll

sl_,l_ is sllou'll if t11_'val_l_' is l. \:alll_,S of '2 dl_l :_ gell_'l'al_' lllass _lllalllili_'s _,t"



DEBUG_INERTIAL !t' ,yogi _re II,_iIig i!1¢' il,_,rtial tli_,ll,(,_l, tlli_ tla_; will tllrl_ ,,iI,,_lll),ll

co11(,erllil_g II1_'coll_l,Ul.al,ioll of Ill,' l,!"iI_'il,1_' axi_ ot' l.h_' llw._tl.

DEBUG_CONNECTEDIt' .roll are eI_t'or('il_g COlilleclivil.v and tl_illg a ._l,'Ctra.I lll_'l.llod, a

value (,t" 1 for i.llis flag tunl._ otl a s,,_all _,,_ou,,t of outl)_t it_ tlw roul.i_',_ thai

i(l_'ntify co_lecled co_l,O_e_t._. 'i'l,is will tell you it' s_t)gt'al,l_s I_a.w' l,_,('()t_,

DEBUG_PERTURBA value of 1 for i.l_is flag tut'_s o,_ a ._,mli _,,,_t,_l of ollli_ul il_ tl_,

t'oul.i_e_ for ran(lo_dy l)er!,url,it_g l.l_e _ml, rix.

DEBUG.ASSIGN Wlwn using a sl,e('tral _etl_o(I, tile _al)l)i_g t'ro_ 1.1_.eige_v_,clor_ i._,

a._ assignnw_t ('a_ !,, ('(,_pli('ale(l, I,arl i('ularly for _i)_,ctral _lua_lri_'cl.iot_ a_d

o(:ta,_e('tio_. 'l'hi._ l,ar_tnwter lun,_ on o_l,i),_t it_ 1,1,.ro,tti_,.s that (:o_l)Ut_, tills

DEBUG_OPTIMIZE Wilh _l,_.('l.ral (l_a(lri_ecl.i(,_ (,r._l)_'('tral o('ta_e<'ti(,t_, I,art _,t' lh_' _l_al,-

(lel,t_gg,ing out.i_ul in the (,1)li_fizal.io_ s_brot_tine._.

DEBUG_BPMATCH _"l_'t_ usi_g Sl,e('tral _lua(lri._e('tiol_ or oct.asectio_, I t_' lri('ki_'._! i,art of

('ryl)l.i(' OUll)Ul. wi_ih' a v_,l,,_,of '2 (!o,,._ ,,,or,, _,rro,' cl,,,cki,_g a,,(I ca,, g_,,,,,t'_,l_,_,

101Of Oll|.l)lll.

DEBUG_COARSENIf you i_tvoke a t_ultih:vel t_,,thod, the code will (oll,M_rlic| a seqllel|ce

of incr_'a._ingly coar._e ai)l)r()xit_ali()n,_ Io |l_, origit_al gn_l,I,. "l'l_i._ im.ra_el_u •

controls the outpu! [or |l_e r(,_liu_,_ i,_,rt'or_it_g |,i_i._l,r_c_,s._.

DEBUG_MEMORYTi_is varia, l,l_, l_r_ o_ ._on_e co_._i,_t_'_('v cl,_,ck,_ i,_ l i_, all_,_'ali_,_ a_t

relate'd, ti_i._ value sl_oul_! I,, left a.t O.

DEBUG_INPUTIf' this is ._ei |o !, a _essage is l,_'i,_t_,(!co,_fir_i_g that the i,_l,Ut file._ t,av_,

bee_ rea(l.

4.7. Miscellaneous parameters.

RANDOM.SEED'l't_is is the s_,(,(l for tl_(, ra_(h,_ _l,(.r g(._,n,l(,rs "'r_,_(l( )" a_(I "ra_,(l.t_( )".

get created witli vertex weigt_ts. We also _we<i tlw ._(ittare root,__,t' tlles_, v_,rtex

weigld.s. Si_(:¢' t.l_eseare tyl,icaily it_l.egers, i_st.ea¢l _,f t'el,_.at_'_tly ¢'alculat.i_g

sq_are roots of i_tegers, Chaco co_l)ules l.}_e_ (,_<'_' at_d stores l,}_e_ i_ the

a.rray SQRTS. Tlw value (,[NSQRTS is the let_gth of t l_is array, and [or best

perfonuance shouhl be sou|ewhat larger that_ the t_ut_d._er of vertices in the:,
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original graph, divided by the number of vertic(,s in the coarsest graph. A

large value may use a small amount of utinecessary space, while a snlall value

may lead to an unnecessary excess of computation.

ft. Helpful hints.

5.1. Implementation details. Chaco is written entire!y in AN.St standard ('

and is about 15,000 lines long. (' performs floating point computations in doui)h,

precision (8 byte) format, and Chaco stores the results ill clouble precision format

(except in a few cases where precision is clearly not an issue). Ill order to maximize

the size of graphs which can be partitioned, memory is allocated dynamically when

needed and released as soon as possible without seriously degrading elficiency. Chaco

can be run in a stand-alone mode or (:ailed as a subroutine from either C programs or

(with the addition of a sitIiple wrat)l)er) Fortran l)rogralns. The int('rface routine used

to invoke Chaco as a subroutine is called "illt(rrface.( "'' and resides in the subdirectorv

"/codemain". tlowever, invocatiozl as a sul)routille requires a detailed ulld('rslalldillg

of sonw data structures and parameters, atilt should 1,)t be atlellil)le(i withou! [irsl

gaining familiarity witll the code.

5.2. Installation instructions. If you are usirlg an ANSI st atldard coIl_lfih'r, thetl

Chaco should cotnpile correctly, and it sllould do fine on lnany non-standard compil-

ers as well.Chaco uses sex'(,ral nlachin(, and conlpiler del)¢lldtl|t'' I)aranleters tllat are

defined will,in the ANSI stalldard. If lli(,se vallws aren't (lelined, tlletl Chaco tries to

compute them. i)ut this is diiticuit to (Io il_ a n_achin(' iIid(,l)eIl(h.nt way. One thit_g

the user <'all (1o to il_lprox'e r(,I,ust_l('ss witli a )lo)l-sta_(lar(! c(,_l)ih,r is t(, (h'ti_(' ap-

propriate values for three paramelers in the file "_mcl_i)_e_para_s.c" i_ "/code/util".

These parameters are DBL RPSILON, the t_mchine precisiot_, DBL_AX tile largest double

precision value, and RAND_MAX,tile largest value returt_ed I)y tl_e syste_n rando_n nunlber

generalor "ra_.l( )".

5.3. Some things to watch out for..X.lost of ll_(,se i)oit_ls l_ave I)(,en _nade ear-

lier, but they I)(.ar l'('l)eatillg, it' o_lv for t l_(, sake ol' tl_os(, v(,a(h,rs wll¢) would ralll('r Ii()t

read the wl_oh' gui(h'.

• [_s(' ()f tl_(' l.a_t'z()s-l)as(,d (,ig(,t_st)Iv(,rs ()_ larg(' l)r_)l)h')_s )_ay ('a_s(' ll_(' l)rt)-

gra_tl to run o_)t of nlenl()ry t))) ym)r svst('_)). Tills is a r(,s_It of a (l(,sig)_ (h.ci-

sire) to favor speed ai_(l robustness over m(u_orv ('()))s(,rvatiot_ it_ l l)is sil_)al i()t_,

The assuml)tio)l is that for v(,rv larg(, gral)hs .v()_ will want to us(' eitl)(,r th('

RQl/,qy)nt_l(l eige))s()Iv('r, or Ill(' i)wrt ial or ))lultilt,v(,l l)art itioni)_g t)_(,ti)ods.

S('(' _'2.'2. !i2,:1 a)_d !i2,,").
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• It is your responsil)ility to either choose an alJprol)riate eigen toh:,ra_lce or to

live quietly wiih our choice on your belmlf. Chaco tries hard to deliver the

accuracy you request, but call't help much if your request is unwise. It' you

choose a very tight (slllall) toleratlce, thitlgs will slow dowtl cousiderably and

you may rull into tllelnorv troul_le. If you choose a very loose (big) tolerance,

your results ',viii geilerally degrade arid become erratic <Iris.to poor accuracy or

nliscotlvergetlce. See !i2.'2 and [i4.'2.

• TIw eigensolvers and til_' I',_erllighal_-l,ill l.'uristi_' nmk_' tls_, ot' ralitlolllizatioli

techni_lltes, so results generated using these methods are only strictly repro-

ducible if the progranl is used in a way that generates tile san).e sequence of ran-

dom nllnd_ers. 'l'llis is sotlletit_ws a very tloticeabh' eil'_,ct ill the RQI/S3'tlltlilq

solver, wlwre a different random seed can result in large swi_gs i_ executio_

tinge.

• 'l'lw t_iultidit_wn._iol_al illerl ial n_etl_o_ls rettirll s(,ts witl_ a gray coded n_apping, i

'l'lli._ is al)l_rOl_riat_, t't_r hypercttbes, but prol)ably trot for ollter arcl_iteclures.

Altliough riley are reasonably effective at t'edt_cit_g tl_e volttnwof t,,o,_sages giw'_l

tlteir short full little, the nmlti_lituetisiottal i_lertial t<'<'litii_itt_'sar_, desigtted to

co_npromise on the goal of low n_essage volun_e it_ order It) produce partitions

with fewer nwssage start-ups titan the oliver _wthods. See !i'2.3.

• The l'o_ti_' "'t'u_c:ht.c" takes a lot_g ti_w to cot_lpile wit}_ opti_izatitm. It's

t_ot a sigt_iticant l_art of tl_¢, exec_tio_ ti_w, so if, for sotne reasou, you ar_'

recompilitig t lw _'ode ot'teli, you _uay wisl_ to cO_nl)ih' this routit_e without op-

ti_nizat ira1.

• 1t' you are usi_g a co_l,ih'r that is _ot ANSI ._ta_dar_l, Chaco is i>rol,al_ly

cOnll)uti_lg a few ttutiwrical cottstattts for vott. :\lthougi_ we tlott't expect any

l)rol)le_s to arise, thi.._ comp,t.tioo i,,_.or _.r.ct. If you are usit_g a no_-ANSI

standard co_i_l_ilet', it _a_' I_, prude,hi to deti_., tl_ese constat_ts. See §5.2 for

furth('r details.

5.4. Obtaining the code. Chaco is l>ubliclv, availabh' for t_:,'_s"¢_a_<h'"I)urposes and

n_av be licensed for _'o_'t'cial apl)licatiou. Tl_e code is di_t rii>ute<l aioug witl_ tecl_ical

<tocu_ne_tatio_ a_d sal_ph' i_l>Ut files via the i_ternet. If you are interested in obtai_it_g

a COl)y,yotl slloul_! Colitact us at t lw addr_'sses gix'_,_lott t ll_, cox'_,r I>,tgt, of tills r_,pt_rt.

[rpotl t'_,Ceil_t, rile "('tract:' directory will liax'e thrt.t' sttl_lireclt_ries. "'cod_'", "ex-

ccitt al)h," a_(l "tIoclltll('lllillioll", 'l'l_e "(lOCtllllt?lltitt loll" _lir_,ctory cot_t ai_s post SCl'il)l

files of tl_is u._'r's guide, a_¢l tl_ree of our te<'l_ical l'('l)orls wl_i_'i_al'l, r_'t'er_,_'ed i_ tills

/_uide. The "code" subdirectory contai_s all of the source code and the nmketile. The

_nakeiile is s_,t _1_ to place tl_¢,executai_l_, v_.rsiou of Chaco it_ tl_e "executal_h," sub<li-

21



rectory. The "executable" directory also contains sew'ral sample graph and coordinate

ivt,,It files.
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