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Abstract: This paper presents a network mapping algorithm and The challenge is two-fold: (1) to map networks concurrently with
proves its correctness assuming a traffic-free network. Respecting the execution of applications, and (2) to accomplish this without
well-defined parameters, the algorithm produces a graph isomorphic losing the high-performance communication enabled from direct,
to N - F, whereN is the network of switches and hosts &nd the protected application access to the network hardware. As a step
set of switches connected by a switch-bridge to the set of Hosts  towards this goal, we designed a mapping algorithm and proved
We show its performance on a Myrinet system-area network with a its correctness assuming a quiescent network. We implemented
fat-tree-like topology. It can map 36 nodes, 13 switches and 64 links the algorithm in a network of 100 UltraSPARC workstations with

in 248msand 100 nodes, 40 switches, and 193 links imB8From a Myrinet [3] network. The system periodically discovers the net-
such maps, the system computes mutually deadlock-free routes andwork topology and uses it to compute and to distribute a set of mu-
distributes them to all network interfaces. Switched, multi-gigabyte tually-deadlock free routes to all network interfaces.

per second, system area networks are the enabling building-blocks

for networks of workstations. Because of their core role, these net-
works should be dynamically reconfigurable, automatically adapt-
ing to the addition or removal of hosts, switches and links.

1 Introduction

System area networks [1] move switched, low-latency, high-speed

networks away from the backplanes and cabinets of massively par-

allel processors into the traditional territory of local area networks.

These networks commonly use source-based message routing

through anonymous switches. In this regime, their topologies may
no longer be the static, well-defined, and well-understood [2] graphs

such as hypercubes, meshes, etc., and instead may be arbitrary
graphs that change over time. Therefore, systems must periodically

discover their topologies rather than assumingeopeori. Lacking
an out-of-band mechanism for directly querying switches for their

identities, systems must use in-band messaging to disambiguate

switch identities when discovering the network topology. From the

resulting maps, systems can compute mutually deadlock-free routes

without relying upon properties of traditional multicomputer net-
works, e.g.,static topologies, that may now be transient.
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The contributions of this paper are the description of a network
mapping algorithm that derives a network map from a set of
probes in sections 2 and 3, empirical performance results and
characterizations in a network of interest to us in sections 4 and 5,
and a discussion of open issues and future topics in this area in
sections 6 and 7.

1.1 Myrinet system area networks

The Berkeley Network of Workstations [4] (NOW) uses Myrinet
network switches and network interface cards. The network con-
sists of 8-port cross-bar switches that use source-based, oblivious
cut-through routing. Messages have a header flit, routing flits, a
data payload, an 8-bit CRC, and a tail flit. Upon the arrival of a
message, a switch uses the next routing flit to direct the message
to the specified output port. Switches use relative port addressing,
i.e., each routing flit specifies an output port using a turn that is
relative to the input port. Should a message block and wait for an
output port, the rest of the message may remain in the network,
occupying switch and link resources. Switches automatically de-
tect and break message deadlock ims0The worse case switch
latency with no output port contention is 5%xnd each link sup-
ports 1.28 Gb/s data rates.

Switches can be connected to other switches or to hosts in an ar-
bitrary fashion. The switches use cut-through routing and there
exists 108 bytes of per-port buffering. At one extreme with these
switches, a message can form a circuit from the source to destina-
tion. At the other, under a heavy load of small messages, the net-
work can behavenorelike a packet-switched one. As we show,
cut-through routing through switches with even modest per-port
buffering complicates the proof of our mapping algorithm.

The Myrinet switch architecture enables low-cost and high-per-
formance implementations because of its functional simplicity.
For example, from the above description of message routing, each
switch performs little interpretation for each message. The bene-
fits of the simplicity are obvious low-cost, low-latency and
high-bandwidth- but the drawbacks are subtle. For example,
Myrinet lacks a mechanism to query a switch directly either with
in- or out-of-band messages to obtain a unique id number for it.
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the wires ofN to be bi-directed. We assume thats connected

1.2 Mapping the Berkeley NOW

and has at least one switch and two hostsDLi¢ its diameter.
One can envision the Berkeley NOW'’s network as a collection of .

2.2 Sending messages

hosts surrounding and attached to its system area nethoré
The hosts may send special in-band probe messages into this opaqu . . .
cloud: some ())/f them E)jetect switchers) or hosts Wﬁile others sirﬁpﬁ/ The network uses cut-through routing through sv_wtches W'th rel-
disappear. By sampling the cloud with enough probe messages, th(sjfi'b‘i’risas‘”(;j]c gor?]én;ggs(gairlsy;gmg;tei ?r?)rrgwat(:gr?[fllqne?bggﬂng
Igorith i i logy. Th i Igo- ;
algorithm derives its topology. The next sections presents an algo +7). Call the host sending the messageLet (17, p1) be the im-
mediately adjacent switch port. et = p1 + a1, where the addi-

rithm to do this. This algorithm is trivially correct assuming packet

routing but non-trivial for cut-through and circuit switched routing. tion is not performed modulo the switch degrgle Assume for
Informally, consider this approach for network mapping with packet the moment that1’is in{0, ..., +7},i.e.,itis a legal port number.
routing. Suppose a designated root host sends enough probe messawe have now computed one step ofritessage pattiom (ho, 0)

es to generate a tree of all possible paths from it to all hosts directly to (n1, p1'), i.e.,taken an &turn through the switchs. In general,
attached to the network. Where two distinct paths to the same hostlet (nj.1’, pi+1) be the neighbor dfu, pi + ai) in N, when such a

exist, multiple tree nodes will correspond to the same actual node is neighbor exists. That is, the subsequent characters of the message
the network. The challenge is to identify all such replicated nodes. determine the next turn to take out of a switative to the port
Instead of actually generating a tree of all possible paths, the root taken by the path on the way in. There is no means of addressing
host systematically explores the network in a breadth-first-like man- an absolute output port.

ner, increasing the distandee(,the number of turns in the route) of
each probe message that it sends. When it explores frontier switches
it may discover two hosts attached to a switch.

The sequencky, ni, n2, ... nk+1 is themessage path. When all
routing characters are exhausted, the message path terminates at
the hostik+1that receives the message. A routing address fails to
Whendtwo rgijraph noﬂes reprelfentin% switches are Lound to btre] con-define a message path in the graph only in these four cases.

nected to the same host, we know they represent the same physica e )

switch because every host has a single network connection. The two”  LLEGAL TURN: If pi”is not in {0...7}, we have made a turn
graph nodes can teientedwith respect to each other and merged. resulting in an illegal port.

Normalizing their orientations is necessary because probes mays NO SUCH WIRE: Ifn; has no wire at PO + ai.

have entered the switch from different directions. When correspond- . .

ing switch ports are aligned and the information from one of the ° HIT A HOS.T TOO .SOO.N'. Ifa m_essage arrves a@ a hostand
graph nodes imergednto the other, further replicates can be creat- it still contains routing flitsi.e., i is a host for somesk .
ed and detected. For example, merging can cause individual switche STRANDED IN NETWORK: If the message path does not
ports to become connected to multiple nodes. This configuration is end at a host,e., nk+1 is a switch.

impossible because an actual switch port has a single cable connect
ing it to one other switch port or host. Thus, multiple links incident
to a switch port identify additional replicates. The exploration and
merging continues until the algorithm has no switches remaining to
explore and has no replicated nodes waiting to be merged.

Only one worm may use a given edge at a time. The hardware or
firmware destroys messages that attempt illegal paths. If an output
port is occupied, a worm waits for the port for a period of time set
is switch ROMs (currently 59 after which the switch forces a
special “forward reset message” out the blocked output port. This
With packet routing, all paths from the root to all hosts are covered. message clears the path in front of it until finding the head of the
Other forms of routing complicate the proof of the algorithm be- blocking worm (the tail is destroyed by hardware).

cause probe messages might deadlock on themselves or prevent u
from fully exploring all output ports of a switch because the probe
message itself is occupying some of them. This “stepping on one’s
tail” phenomena makes mapping non-packet-switched networks a
challenging and interesting problem. The set of all probe paths gen-
erated by probing the network with packet routing is a superset of i i

the sets generated with circuit or cut-through routing. For example, 2.3 Problng to discover network topology

it might be impossible to establish circuits along some of the paths A distinguishedmapper hostruns a mapper daemon. This pro-
traversed using packet switching. Still, the algorithm can derive gram probes the network and from the responses builusdal
maps given such subsets of all possible probe paths. tree M of theactual networkN. We distinguish between the two

graphs and their components using the temwsjelandactual
2 Formal model of the SyStem There are two types of probesseitch-probe and ahost-probe:
This section presents a system model to facilitate the presentation ofe SWITCH-PROBE: To test if a switch port is connected to an-
the mapping algorithm and its proof of correctness. The core model other switch, the mapper sends a message with routing flits

components are hosts, switches, ports, and wires. Then source- encoding turngi...ak 0 -ak...-a1. If the mapper receives this
based, cut-though routing with relatively-addressed switches, and “loopback message,” it knows an output port of a switch

A worm on a message path which uses the same edge in the same
direction will block at that edgi its tail has not yet passed that
edge. The differences here can depend on several hardware fac-
tors, such as even modest amounts of buffering in switches.

the types and behaviors of probe messages are defined.

2.1 System components

Thenetwork consists of two types of nodéssts, H, andswitches,
S (disjoint fromH). The networkN is a finite multi-graph o O
S. We refer to the edges agres. Each end of every wire is labeled

hops away is connected to another switch.

HOST-PROBE: To test if a switch port is connected to a host,
the mapper sends a message with routing flits encoding the
turnsay...ak. If the mapper receives a reply from this host to
this message, it knows that this host is connected to an output
port of a switctk-hops away. Hosts are uniquely identified.

with aport number, such that no twaire-ends incident on the same
node share a port number. Denote uniquely a wire-end byoits,
port) pair, e.g.(no, po). A switch has eight allowable port-numbers:
{0, ..., 7} and a host has one padit,In some contexts, we consider

Let aprobe be a pair of the two above tests, using the above strings
based on the same...ak (a; # 0). Depending on the results, we
say the probe response iguftch”, a unique host-name, or the
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symbol “nothing.” If the probe finds a host the mapper obtains an cent switch-vertex. Initially, the frontier queue contains exactly
unambiguous name for it, but if it finds a switch, the identity of the this switch-vertex.
switch remains ambiguous. EXPLORE

while( (v ~ frontier.nextElement) # null and
(v.probeString.length < SearchDepth ) )
foriin{-7,..,-1,1,..,7}
newProbeString ~ v.probeString + i
whatKind — R(newProbeString)
if (whatKind # nothing)

Probing computes a mapping from probe strings to responses, which
we denoteR: {-7, ..., -1, +1, ..., +7}* - H O {“ switch”, * noth-

ing"”} . Any non-null response to a probe is due to the fact that the
probe path terminated in an actual node (switch or lotje say

that the model vertex correspondgo this actual node. This is a
well-defined correspondence function, from model vertices to actual

nodes. v.neighborg[i] — new edgeAndVertex
2.3.1 Two models of probe failures (newProbesString, whatKind)
add new vertex to frontier
Note that even when the probe path exists in the network there may endif
be no response, due to possible worm collisions or other ezrgrs, endfor

message corruption. Worm collisions are the major complication in endwhile
the proof of correctness (Recall the assumption that the network is
quiescent during mapping and thus worms can only deadlock on MERGE
themselves.) Depending upon hardware considerations, the follow- repeat

ing two models may apply: (1) messages are circuit routed and  poolean anyDeductions? — false
therefore host-probes reusing edges in the same direction fail and
switch-probes reusing an edge in either direction fail because they
must return, or (2) messages are cut-through routed and therefore
probes reusing an edge may or may not fail. Other errors such as

For all pairs of verticess, v2 such thavy.label = v2.label
For each port numbein {-7, ..., 7}

if (v1.neighborsf.label # v2.neighbors].label)

message corruption are not addressed in the model. mergeLabels(;.neighbors], v2.neighborsi, i)
. . anyDeductions? — true
3 The Mapping Algorithm endif
endfor

This section presents a simplified version of the mapping algorithm.
In Section 3.2 we prove it correct. In Section 3.3 we apply a series  ~ )
of modifications and demonstrate the correctness after each changeUntil(anyDeductions? = true)

endfor

The mapper host sends probes of increasing length into the actualPRUNE
network, exploring it in a BFS-like manner. The inability to identify re

. > peat
switches means the exploration is not actually a BFS because probes bool Deleted? . fal
revisit nodes from different directions. For each non-null response oolean any ¢ lase
to a probers... ak, the algorithm builds a new model vertex v in the For each verter
model graphM. The resulting tre#/ is a subtree of the natural tree if ((v.kind = switch) U (degree(v) = 1))
on the probe string space. v.delete

Because the model graph in general contains replicates of actual net: anyDeleted? - true
work nodes, the algorithm must detect them in order to produce an endif

accurate copy of the network. For example, two model vertices are  endfor

recognized as replicates if they purport to be connected to the sameuntil(anyDeleted? = false)
host. This is because each host is connected to a single switch by ¢

single link (by system construction). In essence, this describes the3:1.1 ~ Data structures

first step of Lemma 3 below. The pseudo-code object representing a vertexV has the fol-

Merging information from the two vertex objects may resultin some lowing fields. Vertices have labels to indicate if they have been
switch ports claiming to be connected to multiple other switches or determined to be replicates. They also record adjacent neighbors.
hosts. This identifies more replicates, and Section 3.2 and especially,
Section 3.2.6 show that this deductive process ultimately identifies
all replicates. Identity information from separate regions of the mod-
el graph propagates and enables the identification of more replicates.»  kind - records the type of nodeswitch” or “host”. The re-
sponse #tothing" never creates a vertex .

probeString- records the successful probe string. ak that
lead to the creation of.

As a proof technique, after deducing that two vertices are replicates
our simplified algorithm labels them the same, as opposed to merg-+ label - when a host-vertex is created, its label is set to the
ing the objects themselves. Subsequent modifications in Section 3.3  host-name, which is the probe string respori&e;...ax).
changdabelinginto mergingwhile preserving correctness. When a switch-vertex is created, it gets a fresh label.

3.1 Algorithm pseudo-code * neighbors- an array of edge objects. We sayneighbors[i]
connectdo v2 if the edge object atneighbors[i] hasv: and

After presenting the pseudo code, subsequent subsections cover de v as its endpoints. Initially an edge’s index in this array is the
tails of the core data structures, operations upon them, and algorith-  turn that discovered it, which we call the relative port number.

mic parameters. . . -
P edgeis an object containing a reference to the vertex at each end

INITIALIZATION of it, and the associated indices (relative port numbers) pointing
back to it in these two adjacent vertices. The construgtor
edgeAndVertex(newProbeString, kind, v) creates an edge object

e connected t@ in the obvious way and to a new vertex object

The model grapiM is initialized with two vertices: the root host-
vertex,h, corresponding to the actual mapper hagtand its adja-
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created with fieldprobeString = newProbeString, kind = “switch”
or “host” (given bywhatKind), parent = v andlabel = kind (if kind
is a host-name) or a fresh labelkiifid = "switch").

bridge as a bridge separating a collection of switches not connect
to any hosts on one side with a reasonable network on the other
side.)

At all times, two vertices with the same label correspond tothe same 3 2  Proof of correctness

actual node itN, and thenergeLabels routine maintains this proper-
ty. Itis discussed in detail in Section 3.1.2.

frontier is a FIFO queue is used in the standard manner of a BFS
search to hold created but unexplored vertices.

SearchDeptlimits probe string lengths (see Section 3.1.4. for a spe-

cific value).
3.1.2 The mergelLabels operation

We describe thenergeLabels procedure without giving pseudo-

code. This procedure merges the labels of two vertices, and re-in-

dexes their neighbors arrays. We show below in Lemma 2 that this
procedure will give only replicate vertices the same label, and
changes the indices to have equal indexing offsets (defined below).

mergeLabels takes as input two verticeg andv? that are labeled the
same, and an indeéxinitially, v1 andv2, through relative pott con-
nect tou7 on portj andu2 on portk, respectively. For every in M
with the same label ag, mergeLabels changesuv’s label to that of
u1. The indexing ofw’s neighbors array is shifted hyk. Finally,
mergeLabels fixes the relative port numbers in all of the affected
edge objects.

3.1.3 Indexing offset of the neighbors array

When two replicate vertices are encountered during merging (be-
low), we would like to match up their neighbors. This is non-trivial
because the indexing of the neighbors arrayisfan artifact of the
relative turns of the probe pathaoSuppose that i1, v is connect-

ed to some vertex through porf. In the actual grapN, v is con-
nected tou through some absolute port numbein Lemma 2 we

will see thati - j is invariant under choice of neighboeven after
some merging. Indexing offsets are simply a tool for the proof. Thus

Definition 1: Theindexing offsebf v isi - j.
3.1.4

The algorithm has a bounded search depth. W&uée+1, where
Q is defined below and is the network diameter. Aridge in a

Bounding the exploration depth

The following is a sketch of the proof. First we show that each
node inN - F is represented at least oncénlt suffices to show

that all replicates are merged, guaranteeing that each node is rep-
resented at most once. Replicates will be merged if they have
“parallel” paths (corresponding to the same actual pai\i)ito
replicate host-vertices. Withacket routingthese parallel paths
always exist and we will see that this finishes the proof.

With circuit routing however, the parallel paths aret guaran-

teed to exist, and this is the major complication of the proof. Spe-
cifically consider a patjp from v in M to a host-vertek. Letv’

be a replicate of. If we can start at” and go along the path “par-
allel” to p, sort of “pasting’p on tov’, we should arrive dt’ (a
replicate off). We cannot assume that this succeeds because the
implied probe path may “step on its tail.”

The existence of this collision however guarantees the existence
of other side-paths toin M. because we have found more copies

of i, we have more information to work with. It will take an in-
ductive examination of these side-paths to see that these replicates
are discovered.

The case ofut-throughrouting is similar. Some probes may suc-
ceed where previously they failed due to self-deadlock. This gives
us a possibly largevl than above. Assuming additionally that

is empty, we ensure that these extra replicates are found.

3.2.1 Conventions and definitions

We formalize notions of “correspondence”, “parallel” and “repli-
cate”. We will continue to use the adjective "actual” to refév to
and its components, which we call nodes and wires. We use the
adjective "model" to refer th and its components, which we call
vertices and edges. A letter suctvas e or p will denote a vertex

or edge or path iM. Primed versions (e.gz;) of the same letter

will always denote replicate or parallel vertices or edges or paths
respectively. (See below.) Overline versions (e)gf the same
letter will always indicate corresponding actual elemenis.in

Definition 4: Define thecorrespondence ma@:Vp -VN by

graph is an edge the removal of which increases the number of con-C(v) = v iff v in VN is the actual network node that caused

nected components. #witch-bridge is a bridge with switches at
both ends.

Definition 2: For a noder in N let Q(v) be the length of the shortest
path from/p (the mapper) to and then on to any host that does not

repeat an edge in either direction, except that the first and last may
be the same. (The path may cross a bridge, but not a switch-bridge.)

Note thatQ(v) may not exist for some. Let F = {v such thatQ(v)
is not defined}. CalN - F thecore of the graph.

Definition 3: LetQ = max[Q(7) | 2 O N —FL.
The next lemma shows thain F are not too useful for routing.

Lemma 1: F = the set of all nodes that are separated by a switch-
bridge fromH.

Proof. This is a consequence of the Max-Flow, Min-Cut theorem,
theorems 27.7 and 27.11 in [6]. lebe a source of flo&, and at-

VM to be created. Similarly, defi®Ep — EN by Cle) = e if e
was created in response to a probe that crassed

Definition 5: If C(v) = C(v’) for v, v” in VM, we sayv andv” are
replicates

Definition 6: If C(e) = C(e’) for ¢, ¢’ in Epm, we saye ande’ are
parallel. Two pathg:1... ek ande1’... ex” in M areparallel iff e; is
parallel toe;” for each.

Clearly if two paths iV are parallel, the points along the paths
are respectively replicates and the path lengths are the same.

3.2.2 Main theorem

We begin with a short argument for the case of packet routing. Re-
call thatM is the model graph constructed by the algorithm. Be-
cause we merge labels instead of merging nddeis,actually a

tach a sink to all hosts (we assumed there are at least two). Give allt'®®- LetL be the label equivalence relation on vertices (given by

edges capacity.m
Notice that if a switch if is used on a routing path, that path has a

v1.label = v).label). Let M / L (M mod L) be the graph that one
obtains by identifying the nodes df that have the same label.

loop at the switch-bridge, and the loop can be pruned. Such paths:€t us begin by demonstrating that the algorithm, slightly modi-

with loopshave questionable utility. (One can think of this switch-

fied, is correct for packet routing. ThatMd,/ L is isomorphic to
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N. In packet routing messages can reuse edges arbitrarily. AssumeProof by induction oft. The base case fbr= 0 is trivial.

search deptBD+1, That permits probe paths long enough to reach

any switch and then continue on to a host. Consider all replicates

corresponding to in N. Each has a path to a host or edge. The short-

est such path has a parallel copy at each replicate. To finish, using

Lemma 3 below, note that the labeler detects these paths.

Theorem 1 In the first collision model (circuit routing){ /L is iso-
morphic toN - F. In the second collision model (cut-through) when
F is empty,M /L is isomorphic ta\N.

The following argument proves the first sentence in detail. At the
end we extend the argument to the second sentence.

The breadth-first exploration stage goes wepth>D + 1. There

is at least one simple path from the mapper host to any node of depth

at mostD. Thus each node and wireNhis represented at least once
in M.

Letxp be the indexing offset fan, and letc7 be the indexing off-
set forvz. Now consider the first edge in the patht takes the
(vertex, portYvo, jo) to somews, j1). By construction of the paths
abovep1 corresponds to the actual naden N and the edg€o,
jo), (v1, j1)) corresponds to the actual wit@o, jo+x0), (vi,
j1+x0)) in p. Similarly forvp” and the first edge qf .

Now, v1 andvi” both have parallel paths of lendt to vx and
vk’ respectively. (Just remove the first edgeg ahdp’). By the
induction hypothesis;i.label = v1’.label at the end of rountd+ k
- 1 of the procedure. The next round will notice thatandoi’
both connect through poft to the two nodeso andwvp’ respec-
tively and will label them the sanwe.

3.2.5 Copying and pasting parallel paths

All that remains to be shown is that when the labeler and pruner havewe now begin to show all replicates get labeled the same. We do

stopped, two nodes are labeled the s#frthey correspond to the
same actual vertex. This takes until the end of Section 3.2.

3.2.3 The labeler is correct

We show that the Merge section (including twegelLabels subrou-

tine) always makes correct labeling deductions and re-indexings.
This lemma shows only that the algorithm “merges” replicates but
not that it “mergesall replicates.

Lemma 2 If uz.label = up.label thenC(u1) = C(u2) andu1 andu2
have the same indexing offset.

Proof by induction on the number of callsnergeLabels.

For the basis case, the mapper gives all vertices different labels ini-
tially, unless they are hosts. Hosts have unique id’'s, and host-verti-

this by extending our diagram &f, which represents the parts of
M that we know must exist.

Consider some in N - F. Since we explored to depth at le@st
for at least one of the replicatesthere is a switch-bridge-simple
path throughv to a hosth: <h0, v, h>.

Consider any other replicate;, within distanceD+1 from hy.

(We examine those further away at the end of the proof.) Consider
the probe path to that resulted i’ being created. One way that
the mapper can (attempt) to extend this probe path is to (attempt)
to probe further down the actual path, /1>.

If such an extension succeeds, in our diagraiv othere are ad-
ditional edges, which we now know exist. We call this “copying”
the path fronv to k and “pasting” it atv’. It must be emphasized
that we are not extendirdd, which is built by the algorithm - we

ces will be labeled the same iff they correspond to the same host. Aare extending our diagram df, which represents the partsif

host has only one port, so all replicates of a host-vertd4 irave
its one switch-vertex neighbor attacheda@ghbors[0]. There is no
index re-normalization issue.

which we know must exist.

If the paste succeeds, there are parallel pathsditorh and from
v’ to some nevit’, and by Lemma 3 the labeler will eventually la-

Consider the deduction that the mapper makes to conclude that twobelv andv’ the same. This paste may not succeed, however, and

switch-verticesi; andu2 get the same label. By the induction hy-
pothesis, the two verticeg andv? with the same label before the

a more complicated construction is necessary.

deduction correspond to the same vertex and have the same indexing3_2_6 An inductive construction

offset.

The vertices v1 andov? are labeled the same. Initially; andv?,
through relative port, connect tarz on portj andu2 on portk, re-
spectively. Because any port has at most one wireeighbors|[i]
andv2.neighbors[i] must be connected to vertices that are replicates.
Shifting the indices ofuz so thatu2.neighbors[j]l (rather than
u2.neighbors[k]) now connects to2. Thiscauses:; andu? to have

the same indexing offset. Recall that all nodes with the latiebel

The fact thav andv’ are replicates gives us structural information
aboutN and thusVl. Using multiple pastes we now construct ad-
ditional sections of our diagram df. This will allow us to show

the existence of replicate vertices/edges on the paths from the
mapper taw andv’ respectively.

Consider the actual pathMcorresponding to pattg, v’>. Call
this thegreen path. Similarly, call the actual path iN corre-

and all relevant edge object vertex references are re-indexed for con-sponding to patkho, v> thepurple path and the actual path N

sistencym

3.2.4 Using parallel paths

We show that vertices that have parallel paths to the same host even
tually are labeled the same. Recall that vertices on parallel paths are
replicates. This lemma shows that the labeler can deduce this. Be-

low, by a round of the labeler, we mean one completion of the outer
repeat loop.

Lemma 3. Suppose there are parallel patfendp” of lengthk from
verticesvp andovg’ to verticewk andoy’. If vx anduk” have the same
label at round of the labeling algorithm thery andvo” have the
same label at rounih+ k.

In particular, notice that i€(vx) is a host, we may lét= 0.

corresponding to pathw, h> thered path. Any model edge i

which is parallel to a colored actual edge has the same color. Edg-
es may have more than one color. Recall that the length of (purple
Ored)=Q(v) < Q.

We say we traverse the purple and red paths upwardiyaeov

to /1, and upward along the green path fririo v’

Since probe paths only block when they attempt to reuse an edge,
by the intersection of two paths, we will mean edge intersection.

Definition 7: Let apurple-green chunke a maximal sequence of
purple and green edges that are contiguous on both the purple and
green paths. Definerad-green chunkimilarly.

Note that purple-green chunks may abut at a node on, say, the pur-
ple path, while remaining distinct chunks. Notice that red and pur-
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ple never intersect, unleks: k. (In this case the first edge of purple  The length of the path frofm tov toh is Q(w) < Q. Thus, as
equals the last edge of red. See the anomaly in the definiti@r) of noted in the section above, the red and purple together have length
at mostQ. The green has length at md@t1. Our exploration
depth is at least the sum of these two.

By Lemma 3 the labeler will labglandg” the same, and” and
v’, the same.

h

L

h
?
|
|
Li

purple ——— ‘ 80
Sed T T

Figure 1 First step of the inductive construction.
The figure shows:

(1) the copying okd, h> and its pasting at that createsd’, h">

(2) the copying okg’, d’, h"> and its pasting atand the copyin
<g’, v"> and pasting this also gt

In M now, letgo be the first purple-green chunk found going upward ~ Figure 2The new green pathThe induction step proceeds
on purple fromho. It starts right ako, since the first purple edge and ~ using this new green path in place of the old.
green edge are parallel.

Let g be the next purple-green chunk found going upwaret/an Let the new green path (i) be <ho, go, g, v™>. (It is just the

v> (purple) fromgo. Letg” be the parallel copy qf on the green green path with purplego, ¢> replacing greergo, g">.) If we

path. Letd be the highest red-green chunk on the red path. (The first FePlace the green path with the new green path (see Figure 2), we
one found coming down frofn. In the case that = ho, we do not can repeat the above construction. At each stage the intersection
count as an intersection the last edge of red = first edge of purple, ©f Purple and green is growing. The induction terminates when
since this is not a collision according to our routing model.)iLet  they are equal. Ab”s constructed are labeled the same' ahe

be the parallel copy of on the green path. lastv” is v. Thus, eventuallyy andv” are labeled the same.
Eﬁérc‘:e%?)/ the red path sectied, h> and paste it on at (creating: 327 Implications of the construction

(2) Copy the green path sectiag’, d’> and paste it on gt (creat- If at this point we mod out by the labeling relatis /L), the re-
ingd” thereby). Copy the red path sectiafi, /> and paste itonat ~ Sulting graph will contain an isomorphic copy of the core.

d” (creatingh” thereby). Finally, copyg’, v> and paste it on &, Now we will consider the case wherés further tharD+1 from
(creatingo” thereby). This may fit partially on top of the previous  the mapper. We have not yet proved thidias been labeled cor-
green pasting. rectly. However, since’” has not been pruned in the model fvée

Notice that going up the purple path @may correspond to going ~ Some descendeht of " is a host. Thus, the path’, h1> be-
up or down the green path gh These pastings are made to fitin the ~tween these is parallel to a path in the dofe F). The labeler

obvious way. Thus, traversing the newly construefeglg, d”, "> will find this and eventually label andv’ the same.

may or may not cross a parallel copyadr d. Now consider the second sentence of the theorem. Paths (some-
(3) Examination of the current diagram now reveals ¢handg’ times) succeeding where they previously failed producesfan
both have parallel paths to replicates of a host-vekteandh’ re- that is a "super-tree” of the one considered above. We must only
spectively. Similarlyp” andv’ also have parallel pathsi6 and/’. ensure that if extra replicates, are produced, they are also

) . ) merged back into the core. The demonstration of this is similar to
We must show that all of the pasting constructions mentioned above the above paragraph. It should be noted that this demonstration

actually exist inV1. uses the emptiness Bf (AboveF was eliminated by the pruning

For each construction, when the green section and red sections arétage. Now we must assume it is empty, since it is not guaranteed

pasted on, we need to know that the relevant sections of purple andto be eliminated.h

green are edge-disjoint, and the relevant sections of red and greefye may reduc&+D+1 to Q+D by noticing that the red and

are edge-disjoint. This follows directly from the definitiong @ind green paths must overlap on the first edge. We do not know if a

d. better construction would give us a better upper bound on the nec-
essary exploration depth of this algorithm.
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3.3 Towards the actual a|gorithm avoid confusion, Myricom’s mapping algorithm is called the
Myricom Algorithm and our algorithm is called the Berkeley Al-

gorithm. A description of the Myricom Algorithm, makes its sim-

Now we modify the algorithm to converge to the actual one, noticing 2~ : .
fy 9 9 g ilarities and differences from the Berkeley Algorithm clear.

that with each modification it remains correct.

1. Move the entire labeling section of code into the while loop of the 4.1 The Myricom Algorithm

exploraiion secfion, at the bottom of the loop. The Myricom Algorithm performs a breadth-first exploration of

Notice that the condition needed to be able to apply the inner rela- the network. It has the equivalent of a frontier queue of switches
beling deduction rule is a local condition: that the two vertices have pending exploration. While switches remain on their frontier
the same label. Once this local condition holds for two vertices, queue, it pops off each one and explores it. To explore the switch,
more steps of the exploration or labeling process never invalidate it. the algorithm sends probe messages to check for the presence of
Thus extra labeling deductions are always valid. loopback cables and to check for links to hosts and switches.

2. We say the labeling process ktabilizedwhen no more labeling The Myricom Algorithm uses relative switch port addressing and
deductions can be made from the current information. Once the la- a generalization of loopback probe messages to test if the current
beling process has stabilized, and a round produces no more labeswitch (the one just popped off the frontier queue) has been ex-
merging, the addition of a new vertex with a fresh label produces no plored. Recall that mappers send loopback probes with turns of
additional label-merging at all. Thus, after the addition of a new the formT7...Ty 0 -Ty ...-T1 to test for switch-to-switch connec-
switch, we can omit the labeling process, as new switches have freshtivity. Now consider two turn sequencdy: ...T; to some input
labels. port on the switctd being explored anfl;...S; to an explored
switchB. To test ifA is B, the Myricom Algorithm sends probes

Further, in the labeling process, we need not consider pairs of verti- of the formT1... Ty X -Sm...-S1 whereX spans any single turn.

ces as candidates for label-merging when neither have changed thei
labels since the last time the labeling process stabilized. Thus we For 8-port switches, the turns used in thasmparisorprobes are
now only consider pairs where at least one element is a newly added{-7, ..., -1, +1, ..., +7}. Therefore, switci is switchB if there ex-
host-vertex or a switch-vertex that had its label changed since theists a route t?, concatenated with a tug, concatenated with
last stabilization of the labeling process. the return route from switch. The Myricom Algorithm employs

a variety of heuristics to reduce the total number of probes sent.
When two switches are recognized to be replicates, they are
merged in the same manner as in the Berkeley Algorithm, except
that merging two switches never produces new ones to merge.

We now stop using the concept of labels. Now, instead of merging
their labels, we merge two vertices into one vertex object. The
merge takes the union of the neighbors array information. So
v.neighbors[i] may no longer be a single edge, but a list of edges
connecting to many vertices. All of these should be merged intoone 4 2 Comparison and analysis

vertex. This is what remains of the what was previously the labeling

deduction. The Myricom Algorithm aggressively looks for replicates as it ex-
plores that network, whereas the Berkeley Algorithm discovers
replicates in a lazy fashion. The former sends a sequence of com-
parison probes to test if a potentially new switch from the frontier
gueue has already been explored. The latter builds a model graph,
and checks for structural inconsistencies, from which it deduces
that switches are replicates. This deductive replicate recognition
process propagates “backwards” from the leaves towards the
mapper host. The Myricom Algorithm proceeds “forwards” from
the mapper host, actively finding replicates on the fly. The algo-
rithms trade-off sending messages and memory usage.

We may thus make a more efficient merging process using a merge-
list of vertices. When the labeling process has stabilized, the merge-
list is empty. When a new host-vertex is created, it is put on
mergelist, and the algorithm does the following:

while ((v = mergelist.nextElement) # null)
try all deductions using
put those who get merged onto mergelist
Removev from mergelist

3. We reduce the total message count with some local optimization . . . . .
g P There are two secondary issues. First, the Myricom Algorithm is

tricks. These are carefully done to eliminate probes only when we . . , )
are sure they will fail Y P Y implemented in the network interface firmware whereas the Ber-

) (D+Q) ) . keley Algorithm is implemented at user-level. The Berkeley Al-
For our system the complexnyzg . However, if the diameter gorithm is written using essentially the same active message
is O(logN) whereN is the number of nodes in the model graph and primitives available to standard client/server and parallel pro-
if Q= O(D), it runs in polynomial time or less. Picking the order of grams. Although more tightly connected to the network, the Myri-
port exploration is important. Suppose we're exploring a switch and com Algorithm runs on a 37.5-Mhz embedded message
we enter at a port effectively chosen uniformly at random. Consider processor. The Berkeley Algorithm runs on a 167-Mhz UltraS-
which relative turns have the greatest probability of finding some- PARC workstation but it interacts with the network interface via
thing: excluding turrd, turns of+/- 1 are the best, turns ef- 2 are the SBUS. Myricom’s mapper is implemented as a background
the next best, etc. Turng-7 only work small amount of the time.  task in the interface firmware and runs at a lower priority than the
Also note that probes that fail to generate a response tell us nothingnormal routing and message handling software. The mapping and
about the range of turns that we should be focusing on, but probesrouting functions and the normal message handling software all
that generate responses do. Once we find two turns separated by iexist in the limited 128KB or 256KB memory of the interface.
distance of that are successful, we are done. Furthermore, if we as- The Myricom Algorithm views the network bandwidth and laten-
sume densely-populated switches, as we explore iy ..., and cy as the only unconstrained resource in the system and aggres-
fail to get a response, we should start probing outwards in the othersively uses messages to solve the map discovery problem.

direction (or visa versa). . .
( ) Secondly, both algorithms have two operational modes, one

4 Myricom’s Mapper where a master maps the network while all others interfaces re-

spond to incoming probe messages, and another where all inter-
The Myricom network mapping software implements a different faces or hosts actively map the network and in the process the
mapping algorithm. It differs from our algorithm in several ways. To
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participants elect a leader by comparing network interface addresses
carried in every message. The master/slave mode is faster but intro-
duces a single point of failure, whereas the election mode is more ro- -
bust, e.g., to network partitions and re-connections, but has a
performance cost.

The message complexity of the Myricom Algorithn®ig\2), where A e R bl el - -l
N is the number of nodes in the network. The constant factor is large, > -
because for each switch the algorithm sends up to 14 messages t«
test for self-loops, up to 14 messages to test if switch ports are con-
nected to other ports, 14 additional messages to test if switch ports
are connected to hosts, and sa@{&2) number of additional mes-
sages to comparing switches to previously mapped switches. VaNa

5 Empirical study and discussion

The intent of this section is to provide more insights into the behav-
ior of our algorithm in practice. It summarizes the hardware compo-
nents in the system, shows two automatically-generated network Figure 4 Network topology of the C subclusterThis 35-nod
maps, presents timings and message counts for the Berkeley Algo-cluster is typical of the three subclusters of the system. The
rithm, and makes a brief comparison with Myricom’s Algorithm. host at the bottom is a machine dedicated to running s

services €.g.,nameservers or the active mapper process).
5.1 Components and network maps 9 pperp )

< o
NS 7

Subcluster # interfaces # switches # links
A 34 13 64
B 30 14 65 44 \ ‘U A A4 " AAA L “ / il
i ‘ Z
C 36 13 64 \\MW \\\%@(// \P,}‘d ;’gz///

oW

Figure 5 The 100-node NOW cluster network mapAs showr
in the previous figure, irregularities persist. This is unsurpr
as system construction was incremental over a period of m

Figure 3 A, B, and C subcluster componentfkows account for

network interfaces, switches, and links in each configuration. Each \\‘
host has one network interface. &

Figure 3 shows the constituent components for each of the A, B, and
C subclusters that comprise the Berkeley NOW system. Each sub-
cluster has approximately the same number of interfaegehsts),
switches, and links.

Figure 4 shows the results of mapping one of the NOW'’s three sub-
clusters. The figure shows 35 hosts along the top row, three levels of
switches for a total of 13, and a distinguished utility machine at-
tached directly to a root. This machine runs the active mapper pro-
cess in the master/slave mode of operation. Note that the network is5.2 Performance characterizations

an incomplete fat-tree and that it exhibits several irregularities. The .

middle switch in the first level only has two links, instead of three, As the subclusters are connected and mapped, Figure 6 shows the
to other switches. The third was faulty and removed, but never re- fotal number of host and switch probes that are sent. Recall that
placed. In addition, there are unused switch ports on all level 2 and tN€se probes are sent when a switch is popped dfiothiger and

3 switches, leaving room for additional switches, additional switch- explored. Because probes that do not generate responses time-out,
to-switch connections, or hosts. one measure of our algorithm performance is the ratio of probes
that generate responses to the total number of probes sehit The
Zooming out allows us to see the entire 100 node cluster as of thisratios for host probes and switch probes are shown. Probes that do
writing. Additional switches can be added to increase the number of not generate responses are more expensive than others because

roots, thereby increasing the number of simultaneously usable the message time-out period is longer than the time of an average

routes between subclusters as well as the bisection bandwidth. round-trip. For example, the first row shows that the algorithm
maps the C subcluster with 450 total messages of which 264 pro-
duced responses but 186 produced none. The message counts are
algorithmic properties, but the times in the next figure are imple-
mentation-specific.

System host | hits | ratio | switch | hits | ratio
C 200 107 | 53% 250 157 | 62%
C+A 412 216 | 52% 491 295 | 60%

C+A+B 804 324 | 40% 1207 727 | 60%

Figure 6 Host and switch probe message hit ratio&ach row
shows the number of host and switch probes, the percentage that
end at a host or switch, respectively.
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Figure 7 shows the minimum, average, and maximum times to map
three system configurations for the two operational modes of the

800 T T T T

mapping system. The second column reports times when a single ¢ #edge A
master actively maps the network and all other hosts run mappersin 5 “%° [ T
a passive, echoing mode. The third column shows the times when all g 600 - -

hosts run an active mapper and dynamically elect a leader as probe: g #node ‘;
are sent and received using the host identifiers. 5 0T A
System | time(ms, one master| time(ms, election g wor A T
min /"avg / max min’/ avg / max g 300 L i
C 248/ 256 / 265 27712781282 Z ool N
C+A 499 /522 555 569 / 577 / 587 100 1 ' L “#frontier nbdes -

C+A+B 981/101 /1208 1065 /1298 / 3332 o . . . \

Figure 7 Mapping times for three systems and two operational

50 100 150 200 250

Time in units of “switch explorations”

modes.Note the small variations in mapping times for C and C+A  Figyre 8 Number of nodes in the model graph, edges in t
regardless of the mode of operation, and the increased variation for madel graph, and items on the frontier list.The top line is th

C+A+B, particularly with the election. number of edges. The middle is the number of nodes in the
graph, and the bottom is the number of items on the frontie

5.3 Additional characterizations

During one run of the mapping algorithm on the C+A+B system, the et 77— 1T 1 T
number of nodes and edges in the model graph as well as the numbe 10 first mapper added to A 7]
of items on the frontier list were recorded after a frontier switch was _’8‘ 9 first mapper added to B
explored. Hence time is in units of “switch explorations” and not S 8 7
“message probes”. S 7 .

. . . . n 6 r 1
Figure 9 shows the results of processing this log. At exploration 5 5 . k
number 150, nearly all of the hosts and switches in the system have £, | | first mapper added to @
been found. However, the algorithm continues to explore until the fi- = 3| ¥ 1 |
nal prune is done. The final prune accounts for the plummet in val- e i
ues near exploration step 250. When done, the number of items on = 1L w
the frontier list (the bottom line) is zero and the number of switches, o ) ) ) ) ) ) ) ) )

hosts and edges assume their final values (as can be derived fron o}
Figure 3). At the maximum, the algorithm’s model graph has ~750
model graph nodes that eventually are merged and pruned into the
140 actual nodes.

10 20 30 40 50 60 70 80 90 100
Number of hosts running a mapper

Figure 9 Time to map a 40-switch network as the numbel

o of hosts increases from 1 to 100. The top line sho
The performance characterizations thus far have scaled the numbel yerformance as aditional hosts are added one at a tin

of interfaces, switches, and links. Figure 9 shows the factor of 8 fjjing out each subcluster completely before moving onto
speedup in mapping time from 1 host actively mapping the network next one. The bottom line shows performance as additi

as additional hosts (running .passive mappers) are added to thel SYS hosts are added incrementally but on randomly chosen ho
tem. Along the top line additional mappers were run in order of in-

creasing node number. The step-wise discontinuities occur as the
first mapper is run on subcluster. As more hosts are added within a
subcluster, the algorithm runs faster. On the bottom line, additional
mappers were run on randomly chosen nodes until all nodes were
filled. After 15 randomly-placed mappers are running, the execution
time is within a factor of 2 of its minimum, and after 20 the time is
within a factor of 1.5 of its minimum

5.4 Comparison to the Myrinet Algorithm

The Myricom Algorithm sends 3.2, 3.6, and 5.4 times the number
of probe messages to map the C, C+A, and C+A+B configura-
tions, respectively, as compared to the Berkeley Algorithm. The
Myricom Algorithm takes approximately 5.5, 3.9, and 3.9 times
longer to map the C, C+A, and C+A+B configurations, respec-
tively. Note that the times to map the networks reflects both algo-
rithmic and implementation differences.g.,execution on the
host versus in the network interface message processor.

With the preceding performance analysis of the Berkeley Algo- | System | loop | host | sw | comp | total t('r?;'g
rithm, it is interesting to compare it to that Myricom Algorithm on

the identical hardware and system configurations. The point of inter- c 134 | 713 | 152 | 450 | 1449 | 1414
est is in the number of messages sent (an algorithmic property). (We C+A 283 | 1484 | 329 | 1234 | 3330 | 2197
suspect that the total number of messages can be reduced by factoi

of 2 or more based upon our experience with cleverly choosing the| C+A+B | 424 | 2293 | 611 | 5089 | 8413 | 4009
sequence that switch ports are probed.) Because this is a fundame

tally different algorithm, the categories of probe messages are differ- Figure 10 Myricom Algorithm performance summary. The

ent from the Berkeley Algorithm’'s. When examining the columns account for the following types of probe messages: loop
performance summary in Figure 7, please consider that the Myricom for loopback cables, host for hosts attached to switch ports,
algorithm has had little opportunity to run on systems with more SW(itch) for switches attached to switch ports, and comp(are) for
than 13 switches or more than 40 processors. In fact, these are thedisambiguating new switches from old ones.

first runs and measurements of their algorithm on much larger sys- 55 Deadlock-free route computation
tems. '
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Once the master or elected leader generates a network map, it desimilar algorithm in the Myrinet network means sending well-de-
rives mutually deadlock-free routes from it and distributes them fined messages with a set of routing bytes on the front, then wait-
throughout the system. We use UP*/DOWN* [5] routing to impose ing for responses and going and picking up extra messages at
an edge ordering such that all valid routes are paths that follow zeronodes that are discovered.

or more edges in the up direction, followed by zero or more edges in
the down direction. A valid route never turns from a down edge onto
an up edge. To compute the edge orderings, the algorithm picks a
switch as far away from all hosts as possible to use as the root of a
breadth-first labeling of the network map. Up edges point towards
the chosen root.€.,the bfs label of the head node is greater than the
bfs label of the tail node) and down edges point away from the cho-
sen root. We use the Floyd-Warshall [6] all-pairs shortest-paths al-
gorithm to compute compliant paths between all hosts. Where
multiple edges are available between two switches, the algorithm
has the option of randomly choosing among them for load balance.

There are classic papers on automatic network management with
the Digitial Autonet/AN1 network [10], [11], [5]. According to
Rodeheffer and Schroeder, “Our goal was to make Autonet look
to host communications software like a fast, high-capacity Ether-
net segment that never failed permanently.” Additionally, they
note the principle differences between the ARPANET [13] and
AN1 are wide-area and moderate-speed versus local-area and
high-speed. Today, this distinction is unclear. If system area net-
works establish a regime between local area networks and tradi-
tional massively parallel processor (MPP) networks, then AN1
more closely resembles a local/wide-area network than an MPP
The goodness of UP*/DOWN?* routes is known to be highly topol- network. AN1 switch latencies of 2 milliseconds are order of
ogy-dependant [5]. Two common effects are increased congestion magnitude larger than delays through network switches, such as
about the root and the creation of locally dominant switches in hy- Myrinet.

percubic networks. The BFS numbering of these switches is such
that all edges lead away from them. Consequently, no route will ever
use them because doing so would introduce a turn from a down edge
onto an up edge. These switches can be located and made useful fo
routing by relabelling them with the minimum of their neighbors’
BFS labels minus one. Additionally, in our system, we ignore the
specially-designated utility host when picking a switch distant from
all hosts. This picks a natural root of the network and allows packets
to flow up to the least common ancestor of a source and destination

along deadlock-free routes. Of course, a strategically placed cable or[16‘ 17, 18, 19] now show that such direct bindings of physical

* *
two can re-root the UP*/DOWN* tree. communication resources to virtual ones is necessary for obtain-
UP*/DOWN?* is an instance of the turn-model of Glass and Ni [7]. ing high-performance as networks move into the gigabyte per sec-
The fundamental idea is to prevent deadlock by analyzing and for- ond range. Processors in each switch periodically execute a
bidding sequences of turns. Specifically, UP*/DOWN?* routes mes- distributed topology acquisition algorithm. This updates forward-
sages along edges in one dimension, allows a single turn, and thering tables in every switch used for message routing. Thus, AN1
routes messages along edges in the second dimension. Turns fronswitches effectively formed a parallel computer, where the
the second to the first are not allowed. Dally and Seitz [8] present the “hosts” were embedded in the switches. Pairs of switches could
virtual channel model in which switches contain buffering to allow monitor and agree upon the status of links connecting them. This
multiple virtual channels to be multiplex onto physical links while direct monitoring ability is unavailable in Myrinet-like networks,
maintaining independence amongst the channels. They show deadwhere link states must be derived indirectly from hosts.
lock-free routing on k-ary n-cubes, cube-connected cycles, and shuf-
fle-exchange networks and generalize to arbitrary networks, but, not 6 Future work
to arbitrary and reconfigurable ones. Ni and McKinley survey

While mapping, the network did not route application traffic. Ow-
icki and Karlin [5] also presents simulation results on the perfor-
mance of UP*DOWN* routing and show its sensitivity to
topology and other artifacts. ARPANET could tolerate transient
forwarding loops but Autonet could not and thus could not be
“tolerated.” Consequently, “Autonet cannot carry host traffic
while reconfiguration is in progress.” This could cause deadlock,
should inconsistent forwarding tables arise. Thus, direct applica-
tion access to network was not supported, though many studies

wormbhole routing techniques for direct networks, and give some at- Th'.s paper _has !ntroduced a netwo_rklng regime that raises Inter-
esting algorithmic and architectural issues. Several are ripe for in-

tention to arbitrary ones. They mention the approach of prioritizin o - )
messages and ro):Jting messgges with highe?%riorities zfround mgs_vestlgatlon: the accurate mapplng_of system area networks in tEe
sages with low priorities in the context of virtual channels. Messages Brgsvsﬂﬁo?f;p,ﬁ“ﬁ%?]on dcerggfo- (tﬁglgé?gﬁzggtcl)vne;%?t?g’r\es :g L;']FS) /
traverse channels in an ordered way so as to avoid deadlock. This ré 2ndomized andpparaglllel mapping algorithms, and net\/\)//o?k iFr)lter’—
quires buffering that cannot be bounded, as Owicki and Karlin note, face and/or switch hardware support for directly obtaining switch

a priori with arbitrary and reconfigurable networks. identifiers. This section briefly introduces and discusses them.

5.6 Related systems Accurately mapping the network is essential. Without accurate
maps, deriving deadlock-free routes is difficult, at best. Given a
realistic model of system area networks and their failure modes,
and a network traffic model, can a mapping algorithm be designed
and shown to produce an accurate map? It is possible that the
high-bandwidths and low-latencies in these networks can enable
ATOMIC [20] network had a mosaic processor at each intersection (1) user-level communication layers, (2) network interfaces, and
in the network. 64-node Mosaic mesh of processors and routers(3) network switches to condition traffic to satisfy the necessary
comprised a single 8-port crosshar switch. The paper provides ex-requirements and assumptions. What are those requirements and
amples of mapping irregular networks with non-symmetric links. assumptions, and can they be both realistic yet theoretically trac-
The key was to use the processors at each cross point to forward #able? Insisting upon an idle network, especially in a general-pur-
mapping probe message while tagging the message with the outpuipose and multi-programmed system, is at best a stop-gap
port. Eventually a message will arrive back at the mapper and it can measure.

start to deduce the structure of the network. The mapper went back
to pick up probe messages that arrived at a node and that were helc
rather than being forwarded in a broadcast fashion. Implementing a

Collectively, the differences between mapping local and wide-area
networks as discussed below result in the mapping problem for sys-
tem area networks assuming a new form that requires a qualitatively
different solution.

Once system area network maps can be produced in the presence
of arbitrary network traffic (but not from an evil adversary), a sec-
ond area for investigation is finding more robust strategies for de-
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riving deadlock-free routes than UP*/DOWN?*. UP*/DOWN* is  qualitatively different mapping problem than in either the tradi-
unpredictable, although in practice it can used and heuristics appliedtional MPP or distributed system domains.

to improve its results. There are two types of networks to consider:

(nearly)-perfecinstances of well-known interconneatsg.,hyper- 8 ACknOWIedgmentS

cubes, and all the rest. When initially constructing a system, itis rea-
sonable to expect that a well-known, initial topology is used. Over
time, however, the topology may develop imperfections from the in-
cremental addition and removal of switches, hadts,

The authors thank Bob Felderman at Myricom for his explana-

tions and discussions of the Myrinet Algorithm as well as details

pertaining to switch hardware and routing. We also are thank Eric
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