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A

absolute tunnel metric, 231-233
abstract nodes (ERO), 177
active LDP session establishment, 57-61
adjusting
bandwidth, auto bandwidth, 246-251
RSVP input queue size, 180
TE tunnel metric, 229-231, 236242
absolute tunnel metric, 231-233
relative tunnel metric, 233-236
administrative weight
CSPF, 124-125
information distribution, 96-97
administratively shut down tunnels, troubleshooting,
506-508
admission control, 141
advanced FRR features
bandwidth protection, 333
limited bandwidth, 334
unlimited backup, 334-335
configuring multiple backup tunnels to multiple
NNHops, 338, 340
multiple tunnels to same MP, 329-332
promotion, 337
advertising
delay in voice networks, 125-127
LDP labels, 62
address messages, 62—64
Address Withdraw messages, 64
Label Abort Request messages, 67
Label Mapping messages, 66
Label Release messages, 67
Label Request messages, 65
Label Withdraw messages, 66
Notification messages, 68
AF (Assured Forwarding) values, 266
affinities, 94-96
allocating reservable bandwidth, 85-87
append-after command, 551
applying
MPLS TE, 17
negative offsets to tunnel costs, 234
tactical TE to real-world situations, 479— 484
APS (automatic protection switching), 292
areas, 187

assigning tunnel numbers, 469—471
associating backup tunnels with protected links,
306-308
ATM (Asynchronous Transfer Mode)
cell mode MPLS, 26-28
frame-mode MPLS, 27
IP integration, 11-12
resource contention, 6
traffic engineering, 8—10
fish problem, 9-10, 13
versus MPLS TE, 15
AToM (Any Transport over MPLS), 14
attribute flags, information distribution, 93-96
auto bandwidth
configuring, 248-251
operation, 246-248
autoroute, 12
forwarding traffic down tunnels,
209-216
DS-TE traffic, 284-286
multicast RPF, 467-469
available bandwidth information
distribution, 85-87

backup LSPs, 294
backup resources versus protection schemes, 293
backup tunnels, 293
associating with protected links, 306-308
multiple tunnels to same MP, 329-332
NHop versus NNHop, 332
parallel, 332
promotion, 337
backward compatibility, LDP support for TDP
commands, 54
bandwidth
admission control, 141
auto bandwidth
configuring, 248-251
operation, 246-248
consumable resources, 12
CSPF, 124
measuring with TE tunnels, 453-454
oversubscription ratio, 5
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protection, 333
limited backup bandwidth, 334

unlimited backup bandwidth, 334-335

reference bandwidth (OSPF), 125
reserving, 85-87
subpools, 278
thresholds, 99-102
best path calculation, reoptimization, 135
event-driven, 136
lockdown, 137
manual, 136
periodic, 136
buffering, statmux, 5
building
services, 14
traffic matrices
with NetFlow, 444
with TMS, 444-453

C

calculating latency
ping method, 127
route-mile estimation, 128
SAA, 128
call admission control, 277
case studies, sample networks, 392-395

CEF (Cisco Express Forwarding), configuring,

70-71
cell mode MPLS, 26-28
interface configuration, 74
restrictions, 46-47
cells, 4
CIA World Factbook, 128

Cisco I10S, SAA

measuring delay, 455

measuring one-way delay, 459-461

measuring two-way delay, 457-459
class maps, configuring, 258-260
classification of packets, 28

DiffServ, 255-256

FEC, 28-29

label operations, 29

commands

append-after, 551

debug, 550

debug mpls traffic-eng, 550

debug mpls traffic-eng path, 550

debug mpls traffic-eng topology, 550

debug mpls traffic-eng tunnels, 550

exclude address, 551

exec, 544

global configuration, 544

IGP configuration, 548-549

index, 551

ip rsvp bandwidth, 550

ip rsvp msg-pacing, 549

ip rsvp signalling hello, 549

list, 551

mpls accounting experimental, 546

mpls netflow egress, 546

mpls traffic-eng administrative-weight, 546

mpls traffic-eng area, 548

mpls traffic-eng attribute-flags, 546

mpls traffic-eng auto-bw timers, 544

mpls traffic-eng backup-path, 546

mpls traffic-eng flooding thresholds, 546

mpls traffic-eng interface, 549

mpls traffic-eng level-1, 549

mpls traffic-eng level-2, 549

mpls traffic-eng link-management timers
bandwidth-hold, 464, 544

mpls traffic-eng link-management timers
periodic-flooding, 464-465, 544

mpls traffic-eng logging Isp, 544

mpls traffic-eng logging tunnel
Isp-selection, 545

mpls traffic-eng multicast-intact, 549

mpls traffic-eng path-selection metric, 545

mpls traffic-eng path-selection overload
allow, 545

mpls traffic-eng reoptimize, 544

mpls traffic-eng reoptimize events link-up,
463, 545

mpls traffic-eng reoptimize timers frequency,
462, 545

mpls traffic-eng router-id, 549

mpls traffic-eng scanner interval, 549

mpls traffic-eng scanner max-flash, 549
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mpls traffic-eng signalling advertise
implicit-null, 545

mpls traffic-eng signalling interpret
explicit-null verbatim, 545

mpls traffic-eng topology holddown sigerr,
463, 545

mpls traffic-eng tunnels, 545-546

next-address, 551

path-option, CSPF configuration, 128—-134

physical interface configuration, 546

RSVP, 549-550

show, 542-543

show ip rsvp counters, 182—-183

show ip rsvp interface, 183

show ip rsvp neighbor, 184

show ip rsvp reservation, 184, 186

show mpls traffic-eng link-management
admission-control, 198

show mpls traffic-eng link-management
advertisements, 199-200

show mpls traffic-eng link-management
bandwidth-allocation, 201-202

show mpls traffic-eng link-management
igp-neighbors, 202

show mpls traffic-eng link-management
interfaces, 202-203

show mpls traffic-eng link-management
statistics, 203-204

show mpls traffic-eng link-management
summary, 204

show mpls traffic-eng tunnel, 508-510

snmp-server enable traps mpls traffic-eng, 544

tunnel interface configuration, 547-548
tunnel mpls traffic-eng affinity, 547
tunnel mpls traffic-eng auto-bw, 547

tunnel mpls traffic-eng autoroute announce, 547

tunnel mpls traffic-eng autoroute metric, 547
tunnel mpls traffic-eng bandwidth, 547
tunnel mpls traffic-eng fast-reroute, 548

tunnel mpls traffic-eng forwarding-adjacency,

548
tunnel mpls traffic-eng load-share, 548
tunnel mpls traffic-eng path-option, 548
tunnel mpls traffic-eng path-selection
metric, 548
tunnel mpls traffic-eng priority, 548
tunnel mpls traffic-eng record-route, 548

common header format (RSVP packets), 143

Common Hello Parameters TLV format (LDP hello

messages), 55-57

Common Session Parameters TLV format (LDP

initialization messages), 60
comparing
flooding in IS-IS and OSPF, 100-101
IP and MPLS forwarding, 31-40
LDP hello messages and keepalives, 62
MPLS TE and ATM, 15
MPLS TE and QoS, 15
node and link protection, 326-329
SPF and CSPF, 119
components of DiffServ, 255
configuring
administrative weight, 96-97
attribute flags, 93-96
auto bandwidth, 248-251
class maps, 258-260
CSPF, path-option command, 128-134
DS-TE, 278
headend subpool bandwidth
requirements, 279

headend tunnel admission control, 280

per-link scheduling, 279
per-link subpool bandwidth
availability, 279
tunnel preemption, 280-283
forwarding adjacency
holdtime, 242-244
restrictions, 246
headend, 502-503
LDP, 69
CEF, 70-71
Cell-Mode interface, 74
Frame-Mode interface, 72-73
global MPLS forwarding, 72
session attributes, 78
link protection, 302-309
downstream signalling, 323
failure detection, 309-312
IGP notification, 322
restoring connectivity, 312-317
upstream signalling, 317-322
MPLS TE, prerequisites, 81-84
policy maps, 260-262
primary tunnels, 494-495
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QoS, MQC, 257-263

reservable bandwidth, 85-87

SAA probes, DSCP, 461-462

service policies, 263

TE tunnels with multiple paths options, 134

TMS, 447

tunnel priority, 88-93

holding priority, 92
setup priority, 92-93

congestion, handling with MPLS TE, 17
connectivity, restoring, 312-317
conservative retention mode, 45
constraints, 510-519
consumable resources, 12
control plane, 28

in MPLS network, 30-31
convergence, limitations of IGPs, 291
cost metric, advertising delay, 126—128
creating explicit paths, 130-134
cross-connect table (MPLS MIB), 359-361
CSCP (Class Selector Code Points), 265
CSPF (Constrained SPF) algorithm

administrative weight, 124-125

bandwidth, 124

examples, 120

explicit paths, 130

link attributes, 124

operation, 119-122

path-option configuration, 128

tiebreakers, 122124

D

data files (TMS), 450453
databases, verifying TE-DB information, 519-524
debug commands, 550
troubleshooting headend, 506
debug mpls traffic-eng forwarding-adjacency
command, 550
debug mpls traffic-eng link-management
command, 550
debug mpls traffic-eng load-balancing
command, 550
debug mpls traffic-eng path, 550
debug mpls traffic-eng topology command, 550
debug mpls traffic-eng tunnels command, 550
decision-making process (CSPF), tiebreakers, 123
decoupling routing and forwarding processes, 11

defining FRR scalability variables, 431-436
link protection, 432
node protection, 433
path protection, 433
delay
advertising in voice networks, 125-127
measuring
one-way, 459-461
two-way, 457-459
with SAA, 455
deploying MPLS TE, related URLSs, 565
descriptions, assigning to tunnels, 470—471
design models
offline strategic, packing problem, 427430
strategic, 408
event-driven reoptimization, 422-423
LSP scalability, 409-419
manual reoptimization, 424
multiple parallel tunnels, 426
periodic reoptimization, 421-422
tunnel reoptimization, 420421
tunnel resizing, 425
tactical, 396
building LSPs, 396-398
placement of LSPs, 398-403
recommended features, 406—-407
removing tunnels, 403—406
detecting failed links, 309-310
RSVP hellos, 310-317
SONET alarms, 310
DiffServ, 253-254
components of, 255
dropping packets, 257
DSCP, conversion from IP Precedence, 265
EXP bit, interaction with IP Precedence,
270-271
1P
DSCP byte, 265
MPLS packets, 267
ToS byte, 264
marking, 256
MQC, 255
packet classification, 255-256
policing, 256
queuing, 256-257
tunnel modes
Pipe mode, 275-276
Short-Pipe mode, 274-275
Uniform mode, 273-274
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Dijkstra Shortest Path First algorithm, 114
directly connected neighbors (LDP), discovery
process, 53-57
discovery interval, LDP Hello messages, 58
displaying
RSVP input queue size, 179
TMS data, 447-450
distribution of label bindings, 42
label space, 45
liberal versus conservative label retention
mode, 45
ordered versus independent control, 42—-43
unsolicited downstream versus
DoD, 43-44
DoD (Downstream-on-Demand)
label distribution, 43—45
loop detection, 69
downstream routers, 140-141
dropping packets, 257
DSCP (DiffServ Code Point) bits, 265
DS-TE (DiftServ-Aware Traffic Engineering), 254,
277-278
call admission control, 277
configuring, 278-280
forwarding traffic down tunnels, 284-288
subpools, 278
tunnel-preemption, configuring, 280-283

E

ethertype, 37
event-driven reoptimization, 136
exclude-address command, 551
EXEC commands, 544
EXP bits (frame mode MPLS), 26
interaction with IP Precedence, 270-271
ip2mpls, 267
PHBs, 271
mpls2ip, 269
PHBs, 271
mpls2mpls, 268
explicit null labels, 178-179
explicit paths, 130-134
EXPLICIT_ROUTE class format (RSVP
packets), 155
expressions, O(N2), 8

F

ECMP (Equal-Cost MultiPath), 122-124
ECN (Explicit Congestion Notification), 265
EF (Expedited Forwarding) values, 266
end-to-end latency, methods of calculation
pinging, 127
route-mile estimation, 128
SAA, 128
equal-cost load sharing, 216
behind tunnel tail, 219-221
between TE tunnel and IGP path, 217
to tunnel tail, 217-219
equal-cost paths, ATM traffic engineering, 10
ERO (Explicit Route Object), 155
subobjects, 177
ERROR_SPEC class format (RSVP packets),
148-149
establishing LDP sessions, 57-61
estimating route-miles, latency calculation, 128

FEC (Forwarding Equivalence Class), 28-29
FIB table, role in MPLS forwarding, 4041
field definitions, RSVP common header, 144
files, TMS data files, 450-453
FILTERSPEC class format (RSVP packets), 151
flooding

distribution information, bandwidth thresholds,

99-102

MPLS TE in IS-IS, 107-110

MPLS TE in OSPF, 103-105

periodic, 102
FLOWSPEC class format (RSVP packets), 150
format

Hello messages (RSVP), 168

Path messages (RSVP), 160-162

PathErr messages (RSVP), 166

PathTear messages (RSVP), 164

Resv messages (RSVP), 162-163

ResvConf messages (RSVP), 167

ResvErr messages (RSVP), 166

ResvTear messages (RSVP), 164-165

ResvTearConf messages (RSVP), 167-168
Forward (F) bit, LDP messages, 52
forwarding

control plane, 28

decoupling, 11

DS-TE traffic down a tunnel, 284-288

label space, 45
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MPLS
cell mode, 26-28, 46-47
control plane, 30-31
FIB table, 4041
frame mode, 25-26
IP versus MPLS, 31-40
label distribution, 42-43, 45
Layer 2 encapsulation, 27
LFIB table, 4041
LIB table, 4041
loop detection (DoD mode), 69
packet classification, 28
FEC, 28-29
label operations, 29
related URLSs, 555-556
forwarding adjacency, 242244
restrictions, 246
scalability, 437
forwarding traffic down tunnels
with autoroute, 209-216
with PBR, 208-209
with static routes, 207-208
Frame Relay, statmux, 5
Frame-Mode MPLS, 25-26
interface configuration, 72-73
frames, 4
FRR (Fast Reroute), 291-292

backup bandwidth reservation, 333-335
configuring multiple backup tunnels to multiple

NNHops, 338-340
link protection
connectivity restoration, 312-317
downstream signalling, 323
failure detection, 309-312
IGP notification, 322
prefailure configuration, 302-309
scalability, 432-433
upstream signalling, 317-322
multiple backup tunnels, 329-332
promotion, 337

scalability, defining variables, 431-436

functions of LDP
label advertisement, 62
address messages, 62—64
Address Withdraw messages, 64

Label Abort Request messages, 67

Label Mapping messages, 66
Label Release messages, 67
Label Request messages, 65

Label Withdraw messages, 66
Notification messages, 68
neighbor discovery, 53-57

session establishment/maintenance, 57-61

G

global configuration commands, 544-545

LSR configuration requirements, 496498

ip cef command, 496
mpls traffic-eng command, 498
global MPLS forwarding, configuring, 72

H

handling
congestion, 17
link/node failures, 17
hard-state protocols, 139
headend
affinities, 94-96
configuring, 502-503
knobs, 462—-463
constraints, 510-519
link protection, configuring, 303
reroute, 292
troubleshooting
debug commands, 506
show commands, 504
HELLO class format, RSVP packets, 157
hello interval (LDP), modifying, 58
hello messages
LDP, 53

Common Hello Parameters TLV format,

55-57
Hold Time, 55
RSVP, 140
Hold Time, LDP hello messages, 55

holding priority, tunnel configuration, 92-93

hop count TLV, 46

identification schemes, 469-471
IGP configuration commands, 548-549
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IGPs (Interior Gateway Protocols), limitations of
convergence, 291
implicit null labels, 178-179
independent LSP control mode, 43
index command, 551
information distribution, 84
administrative weight, 96-97
attribute flags, 93-96
available bandwidth information, 85-87
bandwidth thresholds, 99-102
IS-IS, 107-110
OSPF, 103-105
periodic flooding, 102
related URLs, 557
timers, 98-99
tunnel priority, 88-93
holding priority, 92
setup priority, 92-93
validating, 519-525
initialization messages, LDP, 60-61
input queues (RSVP), adjusting size of, 180
InSegment Performance table (MPLS MIB),
354-355
InSegment table (MPLS MIB), 350-353
integrating
MPLS TE and MPLS VPNs, 471-475
IP and ATM, 11-12
intended receivers of RSVP messages, 175-177
interarea tunnels, 187-188
features, 188
operation, 189-195
restrictions, 195-197
interface configuration table (MPLS MIB), 344-349
interface-level commands, configuration
requirements, 499-501
interface performance table (MPLS MIB), 349-350
IntServ, 253
invalid tunnel paths, troubleshooting, 508-510
1P
ATM integration, 11-12
QoS
DSCP byte, 265
ToS byte, 264
IP forwarding versus MPLS forwarding, 31-40
IP Precedence
bit values, 270
converting to DSCP, 265
interaction with EXP bit, 270-271
ip rsvp bandwidth command, 550

ip rsvp msg-pacing command, 549

ip rsvp signalling hello command, 549

IP switching, 10

ip2mpls push, 267
PHBs, 271

IP-Extended TLVs, 107

IS-IS (Intermediate System-to-Intermediate System)
configuration, troubleshooting, 502
flooding, comparing to OSPF, 100-101
information distribution, 107-110
narrow metrics, migration to wide metrics, 466

K

keepalive messages, LDP, 62
knobs
mpls traffic-eng reoptimize events link-up, 463
mpls traffic-eng reoptimize timers frequency
command, 462
mpls traffic-eng topology holddown sigerr, 463

L

label disposition, 29
label distribution, 42
label space, 45
liberal versus conservative label retention
mode, 45
ordered versus independent control, 42-43
unsolicited downstream versus DoD, 43-44
label space, 45
LABEL_REQUEST class format
RSVP packets, 155
Label-Controlled ATM, 16
labels
advertisements (LDP), 62
address messages, 62—64
Address Withdraw messages, 64
Label Abort Request messages, 67
Label Mapping messages, 66
Label Release messages, 67
Label Request messages, 65
Label Withdraw messages, 66
Notification messages, 68
popping, 29
pushing, 29
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stack entries, 25-26
swapping, 29
latency, methods of calculation
pinging, 127
route-mile estimation, 128
SAA, 128
Layer 2 encapsulation (MPLS), 27
LDP (Label Distribution Protocol), 50
address messages, 62—64
Address Withdraw messages, 64
CEF, configuring, 70-71
Cell-Mode interface, configuring, 74
configuring, 69
Frame-Mode interface, configuring, 72-73
global MPLS forwarding, configuring, 72
hello interval, modifying, 58
hello messages, 53
Common Hello Parameters TLV format,
55-57
Hold Time, 55
initialization messages, 60-61
interface configuration, 476478
keepalive messages, 62
Label Abort Request messages, 67
label advertisement, 62
address messages, 62—-64
Address Withdraw messages, 64
Label Abort Request messages, 67
Label Mapping messages, 66
Label Release messages, 67
Label Request messages, 65
Label Withdraw messages, 66
Notification messages, 68
message format, 51-52
neighbor discovery, 53-57
Notification messages, 68
PDU header, 50
session attributes, configuring, 78
session establishment/maintenance, 57-61
support for TDP commands, 54
verifying configuration, 7477
Length field (LDP messages), 52
LFIB table, role in MPLS forwarding, 4041
LIB table, role in MPLS forwarding, 40—41
liberal retention mode, 45
limitations
of forwarding adjacency, 246
of interarea tunnels, 195-197
limited backup bandwidth, 334

link attributes, CSPF, 124
link failures. See also node failures
APS, 292
detection, 309-310
RSVP hellos, 310-312
SONET alarms, 310
downstream signalling, 323
FRR (Fast Reroute), 292
handling with MPLS TE, 17
headend reroute, 292
IGP notification, 322
protection, 293, 302-309
local protection, 295-301
node protection, 300-301, 326-329
path protection, 294
resiliency, 292
restoring connectivity, 312-317
upstream signalling, 317-322
versus node failures, 326-329
link manager, 197-204
link protection, 299
downstream signalling, 323
failure detection, 309-310
RSVP hellos, 310-317
SONET alarms, 310
over one-hop tunnels, SONET APS, 485-486,
489
prefailure configuration, 302-309
restoring connectivity, 312
upstream signalling, 317-322
versus node protection, 301, 326
link-state database, 114
link-state protocols
IS-IS, information distribution, 107-110
OSPF
information distribution, 103—-105
reference bandwidth, 125
SPF algorithm
ECMP, 122-124
link-state database, 114
operation, 114-118
PATHEs list, 115
root node, 115
TENT list, 115
versus CSPF, 119
list command, 551
L-LSPs (Label-Only Inferred PSC LSPs), 267
load balancing (unequal-cost), applying to one-hop
tunnels, 489-490
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load sharing, 216
equal-cost
behind tunnel tail, 219-221
between TE tunnel and IGP path, 217
to tunnel tail, 217-219
unequal-cost, 221-223
operation, 224-229
local protection, 295-299
advanced FRR features, 329-332
bandwidth protection, 333-335
configuring multiple backup tunnels to
multiple NNHops, 338-340
promotion, 337
link protection, 299
connectivity restoration, 312
downstream signalling, 323
failure detection, 309-317
prefailure configuration, 302-309
upstream signalling, 317-322
versus node protection, 301
node protection, 300-301
versus link protection, 326-329
lockdown, 137
logical entities, protection schemes, 293. See also
link protection; node protection
local protection, 295-323, 326-329
path protection, 294
loop detection, MPLS DoD, 69
LSPs. See also TE tunnels
headend reroute, 292
local protection, 295, 299
link protection, 299-310, 312-323
node protection, 300-301, 326-329
path protection, 294
placement
with offline tools, 430431
with tactical design model, 398-403
setup, RSVP, 141
standby, 294
LSRs, configuring
global configuration commands, 496498
headend, 502-503

M

maintenance of LDP sessions, 57-61
make-before-break (RSV-TE), 136, 169
link protection, 319

Mandatory parameters, LDP messages, 52
manual reoptimizaiton, 136
marking packets, DiffServ, 256
max-fill LSP placement, 427
measurement tools, building traffic matrices
with NetFlow, 444
with TMS, 444-453
measuring
delay
one-way, 459461
two-way, 457-459
with SAA, 455
TE tunnel traffic, 453-454
messages
LDP
Address messages, 62—64
Address Withdraw messages, 64
Common Hello Parameters TLV format,
55-57
format, 51-52
hello, 53
Hold Time, 55
initialization messages, 60-61
keepalive, 62
Label Abort Request messages, 67
Label Mapping messages, 66
Label Release messages, 67
Label Request messages, 65
Label Withdraw messages, 66
Notification messages, 68
RSVP, 140, 179-181
Hello, 168
Path, 160-162
PathErr, 166
PathTear, 164
receivers, 175177
Resv, 162-163
ResvConf, 167
ResvErr, 166
ResvTear, 164-165
ResvTearConf, 167-168
metrics
administrative weight, information distribution,
96-97
delay, integrating with bandwidth metric,
126-128
narrow (IS-IS), migration to wide metrics, 466
reference bandwidth, 125
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TE tunnels, adjusting, 229-242
wide, 108
MIBs (Management Information Bases)
MPLS LSR MIB, 343
cross-connect table, 359-361
InSegment Performance table, 354-355
InSegment table, 350-353
interface configuration table, 344-349
interface performance table, 349-350
OutSegment Performance table, 358
OutSegment table, 355-357
MPLS TE MIB
mpls TunnelHop Table, 383-387
mpls TunnelResource Table, 387-389
mpls TunnelTable, 362-382
midpoint
configuration knobs, 464465
troubleshooting
debug commands, 506
show commands, 504-505
migrating from narrow to wide metrics, 466
misconfiguration, troubleshooting
global configuration, 496498
interface-level configuration, 499-501
routing protocol configuration, 502
tunnels, 532-538
models of TE design
offline strategic, packing problem, 427430
strategic, 408
event-driven reoptimization, 422-423
LSP scalability, 409-419
manual reoptimization, 424
multiple parallel tunnels, 426
periodic reoptimization, 421-422
tunnel reoptimization, 420-421
tunnel resizing, 425
tactical, 396
building LSPs, 396-398
placement of LSPs, 398-403
recommended features, 406407
removing tunnels, 403, 405-406
modifying LDP hello interval, 58
MPLS (Multiprotocol Label Switching)
cell mode, 2628
restrictions, 4647
control plane mechanism, 30-31
decoupling routing and forwarding
processes, 11

DoD, loop detection, 69
EXP bits
ip2mpls, 267
mpls2ip, 269-271
mpls2mpls, 268
PHBs, 271
forwarding mechanism, 31-40
frame mode, 25-26
IP/ATM integration, 11-12
label distribution, 42
label space, 45
liberal versus conservative label retention
mode, 45
ordered versus independent control, 42-43
unsolicited downstream versus
DoD, 43-44
Layer 2 encapsulation, 27
VPNs, combining with TE, 471-475
mpls accounting experimental command, 546
MPLS forwarding, 40-41
MPLS LSR MIB, 343
cross-connect table, 359-361
InSegment Performance table, 354-355
InSegment table, 350-353
interface configuration table, 344-349
interface performance table, 349-350
OutSegment Performance table, 358
OutSegment table, 355-357
mpls netflow egress command, 546
MPLS TE applications, 17
MPLS TE MIB
mpls TunnelHop Table, 383-387
mpls TunnelResource Table, 387-389
mpls TunnelTable, 362-382
mpls traffic-eng administrative-weight
command, 546
mpls traffic-eng area command, 548
mpls traffic-eng attribute-flags command, 546
mpls traffic-eng auto-bw timers command, 544
mpls traffic-eng backup-path command, 546
mpls traffic-eng flooding thresholds command, 546
mpls traffic-eng interface command, 549
mpls traffic-eng level-1 command, 549
mpls traffic-eng level-2 command, 549
mpls traffic-eng link-management timers
bandwidth-hold command, 464, 544
mpls traffic-eng link-management timers periodic-
flooding command, 464-465, 544
mpls traffic-eng logging 1sp command, 544
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mpls traffic-eng logging tunnel Isp-selection
command, 545

mpls traffic-eng multicast-intact command, 549

mpls traffic-eng path-selection metric
command, 545

mpls traffic-eng path-selection overload allow
command, 545

mpls traffic-eng reoptimize command, 544

mpls traffic-eng reoptimize events link-up
command, 463, 545

mpls traffic-eng reoptimize timers frequency
command, 462, 545

mpls traffic-eng router-id command, 549

mpls traffic-eng scanner interval command, 549

mpls traffic-eng scanner max-flash command, 549

mpls traffic-eng signalling advertise implicit-null
command, 545

mpls traffic-eng signalling interpret explicit-null
verbatim command, 545

mpls traffic-eng topology holddown sigerr
command, 463, 545

mpls traffic-eng tunnels command, 545-546

MPLS TunnelHop Table (MPLS TE MIB), 383-387

MPLS TunnelResource Table (MPLS TE MIB),
387-389

MPLS TunnelTable (MPLS TE MIB), 362-363,
365-366, 368-374, 376, 378-382

mpls2ip, 269

PHBs, 271

mpls2mpls, 268

mplsOutSegmentNextHopIpAddr
(mplsOutSegmentTable), 357

mplsOutSegmentNextHoplpAddrType
(mplsOutSegmentTable), 357

mplsOutSegmentPushTopLabel variable
(mplsOutSegmentTable), 356

mplsOutSegmentTopLabel
(mplsOutSegmentTable), 357

mplsTunnel ARHopTablelndex variable
(mplsTunnelTable), 373

mplsTunnel CHopTableIndex variable
(mplsTunnelTable), 374

mplsTunnelCreationTime variable
(mplsTunnelTable), 376

mplsTunnelDescr variable (mplsTunnelTable), 368

mplsTunnelExclude AllAffinity variable
(mplsTunnelTable), 379

mplsTunnelHoldingPrio variable
(mplsTunnelTable), 371

mplsTunnelHopAddrType variable
(mplsTunnelHopTable), 385

mplsTunnelHopIncludeExclude variable
(mplsTunnelHopTable), 386

mplsTunnelHoplpv4Addr variable
(mplsTunnelHopTable), 385

mplsTunnelHoplpv4PrefixLen variable
(mplsTunnelHopTable), 385

mplsTunnelHopPathOptionName variable
(mplsTunnelHopTable), 387

mplsTunnelHopTableIndex variable
(mplsTunnelTable), 373

mplsTunnelHopType variable
(mplsTunnelHopTable), 386

mplsTunnellfIndex variable (mplsTunnelTable), 369

mplsTunnellnclude AllAffinity variable
(mplsTunnelTable), 379

mplsTunnellncludeAnyAffinity variable
(mplsTunnelTable), 379

mplsTunnellnstancePriority variable
(mplsTunnelTable), 373

mplsTunnellsIf variable (mplsTunnelTable), 368

mplsTunnelLastPathChange variable
(mplsTunnelTable), 376

mplsTunnelLocalProtectInUse variable
(mplsTunnelTable), 372

mplsTunnelName variable (mplsTunnelTable), 367

mplsTunnelOperStatus variable (mplsTunnelTable),
382

mplsTunnelOwner variable (mplsTunnelTable), 372

mplsTunnelPathChanges variable
(mplsTunnelTable), 375

mplsTunnelPathInUse variable (mplsTunnelTable),
380

mplsTunnelPrimaryTime variable
(mplsTunnelTable), 374

mplsTunnelResourcePointer variable
(mplsTunnelTable), 373

mplsTunnelRole variable (mplsTunnelTable), 380

mplsTunnelSessionAttributes variable
(mplsTunnelTable), 371

mplsTunnelSetupPrio variable (mplsTunnelTable),
370

mplsTunnelSignallingProto variable
(mplsTunnelTable), 370

mplsTunnelStateTransitions variable
(mplsTunnelTable), 378

mplsTunnelTotalUpTime variable
(mplsTunnelTable), 381
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mplsTunnelXCPointer variable
(mplsTunnelTable), 369
MQC (Modular QoS CLI), 255-258
class maps, configuring, 258-260
policy maps, configuring, 260-262
service policies, configuring, 263
multicast, RPF lookup, 467-469
multiple paths options for TE tunnels, 134
multiplexing
statmux, 4
over statmux, 6
resource contention, 5
TDM, 34

N

non-directly connected neighbors (LDP), discovery

process, 53-57
numbering tunnels, 469-471

)

narrow metrics (IS-IS), migration to wide
metrics, 466
neighbor discovery, LDP, 53-55, 57
NetFlow, building traffic matrices, 444
network design
offline strategic model, packing problem,
427-430
related URLs, 564
strategic model, 408
event-driven reoptimization, 422-423
LSP scalability, 409-419
manual reoptimization, 424
multiple parallel tunnels, 426
periodic reoptimization, 421-422
tunnel reoptimization, 420-421
tunnel resizing, 425
tactical model, 396
building LSPs, 396-398
placement of LSPs, 398-403
recommended features, 406-407
removing tunnels, 403—406
network engineering versus traffic engineering, 7
next-address command, 551
NHop backup tunnels, 332
NNHop backup tunnels, 332
node failures, handling with MPLS TE, 17
node protection, 300-301
versus link protection, 301, 326-329

O(N2), 8
object class format, RSVP packets, 144—147
objects (RSVP)
ERROR_SPEC, 148-149
EXPLICIT_ROUTE, 155
abstract nodes, 177
FILTERSPEC, 151
FLOWSPEC, 150
HELLO, 157
LABEL_REQUEST, 155
RECORD_ROUTE, 156
RESV_CONFIRM, 154
RSVP_LABEL, 154
SCOPE, 149
SENDER_ADSPEC, 153
SENDER_TEMPLATE, 152
SENDER_TSPEC, 152
SESSION, 147
SESSION_ATTRIBUTE, 158
STYLE, 150
TIME_VALUES, 148
offline strategic design model, packing problem,
427-430
offline tools, placing LSPs, 430—431
one-hop tunnels
link protection, 485-486, 489
unequal-cost load balancing, 489-490
one-way delay, measuring, 459, 461
one-way probes, 459, 461
optimality, 401
optimizing network utilization, 17
Optional Parameters (LDP messages), 52
ordered LSP control mode, 43
OSPF (Open Shortest Path First)
configuration, troubleshooting, 502
flooding, comparing to IS-IS, 100-101
information distribution, 103—105
reference bandwidth, 125
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OutSegment Performance table (MPLS MIB), 358
OutSegment table (MPLS MIB), 355-357

overlay model, 12

oversubscription ratio, 5

P

packets

classification, 255-256

classification during forwarding, 28
FEC, 28-29
label operations, 29

dropping, 257

loss as goal of FRR, 293

marking, 256

policing, 256

queuing, 256-257

RSVP
common header format, 143
ERROR_SPEC class format, 148—149
EXPLICIT_ROUTE class format, 155
FILTERSPEC class format, 151
FLOWSPEC class format, 150
HELLO class format, 157
LABEL_REQUEST class format, 155
object class format, 144-147
RECORD_ROUTE class format, 156
RESV_CONFIRM class format, 154
RSVP_LABEL class format, 154
SCOPE class format, 149
SENDER_ADSPEC class format, 153

SENDER_TEMPLATE class format, 152

SENDER_TSPEC class format, 152
SESSION class format, 147
SESSION_ATTRIBUTE class
format, 158

STYLE class format, 150
TIME_VALUES class format, 148

packing problem, 427430

parallel backup tunnels, 332

passive LDP establishment, 57-61

path calculation

CSPF

administrative weight, 124
bandwidth, 124
examples, 120-122
link attributes, 124
operation, 119

path-option configuration, 128-134
tiebreakers, 122
related URLs, 558
reoptimization, 135
event-driven, 136
lockdown, 137
manual, 136
periodic, 136
path maintenance, RSVP, 142
Path message (RSVP), 140
path protection, 294-295
path setup, RSVP, 140-142
path signalling, RSVP, 143
path teardown, RSVP, 143
path vector TLV, 46
PathErr message (RSVP), 140
PATHS list, 115
PathTear message (RSVP), 140
PBR (policy-based routing), 11
forwarding traffic down tunnels, 208-209
PDU header (LDP), 50
per-flow load sharing, 216-221
per-interface label space, 45
periodic flooding, 102
periodic reoptimizaiton, 136
per-link scheduling, DS-TE, 279
PHBs (per-hop behaviors), 257
DiffServ, 255
dropping packets, 257
forwarding DS-TE traffic through tunnels,
287-288
ip2mpls, 271
mpls2ip, 271
tunnel mode
Pipe mode, 275-276
Short-Pipe mode, 274-275
Uniform mode, 273-274
phop (previous hop), 140
physical interface configuration commands, 546
pinging, latency calculation, 127
Pipe tunnel mode, 275-276
placement of LSPs using offline tools, 430-431
policing DiftServ, 256
policy maps, configuring, 260-262
post-failure signalling, upstream signalling,
317-322
preempting non-subpool tunnels, 280-283
prefailure configuration, links, 302-309
pre-MPLS traffic engineering, 7-8
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prerequisites for MPLS TE configuration, 81-84

previous hop (phop), 140
primary tunnels, configuring, 494-495
prioritizing tunnels, 88-93
holding priority, 92
setup priority, 92-93
probes, 455
one-way, 459461
SAA, DSCP configuration, 461-462
two-way, 457-459
promotion, 337
protection schemes, 293
local protection, 295-299
downstream signalling, 323
IGP notification, 322
link protection, 299-322
node protection, 300-301, 326-329
path protection, 294
protocol type field, 37

Q

R

QoS (quality of service), 14

DiffServ, 253-254
components of, 255
dropping packets, 257
DSCP byte, 265
DS-TE, 277-283
EXP bit, 270-271
marking, 256
MPLS packets, 267
packet classification, 255-256
policing, 256
queuing, 256-257
ToS byte, 264
tunnel modes, 273-276

IntServ, 253

MQC, 255-258
class map configuration, 258-260
policy map configuration, 260-262
service policy configuration, 263

related URLs, 560

versus ATM, 15

versus MPLS TE, 15

queuing
DiffServ, 256-257
statmux, 5

real-world applications
of MPLS TE, 17
of RSVP, 181-186

recommended features, tactical TE design, 406—407

RECORD_ROUTE class format
(RSVP packets), 156

recovering from link failures, 292
recursive static routes, 208
reference bandwidth (OSPF), 125
Refresh mechanism (RSVP), 172, 175
regular expressions, 471
relative tunnel metric, 233-236
remote bindings, 41
removing

tactical TE tunnels, 403-406

tunnel constraints, 510-519
reoptimization, 135

event-driven, 136

lockdown, 137

manual, 136

periodic, 136

promotion, 337
requirements of MPLS TE configuration, 8§1-84
reservations, Shared Explicit, 170-172
reserved label values, 42
reserving bandwidth, 85-87

auto bandwidth

configuring, 248-251
operation, 246248

resiliency, recovering from link failures, 292
resizing tunnels, 425
resolving fish problem, 13
resource contention, 5

ATM, 6

consumable resources, 12

Frame Relay, 5
resource information, validating distribution,

519-525

Resource Reservation Protocol. See RSVP
resources available, URLs, 554-556
responders, 455
restoring connectivity, 312
restrictions

of cell mode MPLS, 4647

of interarea tunnels, 195-197
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RESV_CONFIRM class format, 154
Resv message (RSVP), 140
ResvConf message (RSVP), 140
ResvErr message (RSVP), 140
ResvTear message (RSVP), 140
ResvTearConf message (RSVP), 140
RFCs (Requests for Comments), DiftServ, 265
root node, 115
route-miles, latency calculation, 128
Router Alert (RA) option, RSVP messages, 177
routers
link failures
APS, 292
configuring protection against, 302-309
detection, 309-312
downstream signalling, 323
FRR, 292
IGP notification, 322
local protection, 295-301
path protection, 294
protection, 293
resiliency, 292
restoration, 312-317
upstream signalling, 317-322
node failures, 326
node protection, 326-329
routing, decoupling procedure, 11
routing protocols
configuration requirements, 502
link-state, SPF algorithm, 114-118
RSVP (Resource Reservation Protocol), 138-139
commands, 549-550
downstream routers, admission control, 141
EXPLICIT_ROUTE class format, abstract
nodes, 177
Hello messages
format, 168
link failure detection, 310-312
input queue, adjusting size, 180
link manager, 197-204
make-before-break, 169
message pacing, 179-181
messages, 140
intended receivers, 175-177
RA option, 177

packets
common header format, 143
ERROR_SPEC class format, 148—-149
EXPLICIT_ROUTE class format, 155
FILTERSPEC class format, 151
FLOWSPEC class format, 150
HELLO class format, 157
LABEL_REQUEST class format, 155
object class format, 144—147
RECORD_ROUTE class format, 156
RESV_CONFIRM class format, 154
RSVP_LABEL class format, 154
SCOPE class format, 149
SENDER_ADSPEC class format, 153
SENDER_TEMPLATE class format, 152
SENDER_TSPEC class format, 152
SESSION_ATTRIBUTE class

format, 158

SESSION class format, 147
STYLE class format, 150
TIME_VALUES class format, 148

path maintenance, 142

Path messages, format, 160—-162

path setup, 140-142

path signalling, 143

path teardown, 143

PathErr messages, format, 166

PathTear messages, format, 164

real-world applications, 181-186

Refresh mechanism, 172, 175

Resv messages, format, 162-163

ResvConf messages, format, 167

ResvErr messages, format, 166

ResvTear messages, format, 164—165

ResvTearConf messages, format, 167-168

Shared Explicit reservations, 170-172

signalling, troubleshooting, 525-528, 530-531

tunnel tail node, explicit versus implicit labels,

178-179

RSVP_LABEL class format (RSVP packets), 154
RSV-TE

make-before-break, 136

reoptimization, 135
event-driven, 136
lockdown, 137
manual, 136
periodic, 136
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S

S bit, frame mode MPLS, 26
SAA (Service Assurance Agent)
delay, measuring, 455
latency, calculating, 128
probes, DSCP configuration, 461-462
sample networks, 392-395
scalability, O(N2), 8
scope, 45
SCOPE class format (RSVP packets), 149
SENDER_ADSPEC class format (RSVP packets),
153
SENDER_TEMPLATE class format (RSVP
packets), 152
SENDER_TSPEC class format (RSVP packets),
152
service policies, configuring, 263
services, 14
SESSION_ATTRIBUTE class format (RSVP
packets), 158
SESSION class format (RSVP packets), 147
sessions, LDP
attributes, configuring, 78
establishment, 57-61
setup priority, tunnel configuration, 92-93
Shared Explicit reservations, 170-172
shim headers, 27
Short-Pipe tunnel mode, 274-275
show commands, 542-543
troubleshooting headend, 504
show ip rsvp counters command, 182—183
show ip rsvp interface command, 183
show ip rsvp neighbor command, 184
show ip rsvp reservation command, 184-186
show mpls traffic-eng link-management admission-
control command, 198
show mpls traffic-eng link-management
advertisements command, 199-200
show mpls traffic-eng link-management bandwidth-
allocation command, 201-202
show mpls traffic-eng link-management igp-
neighbors command, 202
show mpls traffic-eng link-management interfaces
command, 202-203
show mpls traffic-eng link-management statistics
command, 203-204

show mpls traffic-eng link-management summary
command, 204

show mpls traffic-eng tunnel command, 508-510

signalling
downstream, 323
upstream, 317-322

signalling protocols, RSVP, 138-139
common header format, 143
ERROR_SPEC class format, 148—149
EXPLICIT_ROUTE class format, 155
FILTERSPEC class format, 151
FLOWSPEC class format, 150
HELLO class format, 157
Hello message format, 168
LABEL_REQUEST class format, 155
link manager, 197-204
make-before-break, 169
message pacing, 179-181
messages, 140, 175-177
object class format, 144, 146-147
path maintenance, 142
Path message format, 160-162
path setup, 140-142
path signalling, 143
path teardown, 143
PathErr message format, 166
PathTear message format, 164
real-world applications, 181-186
RECORD_ROUTE class format, 156
Refresh mechanism, 172, 175
RESV_CONFIRM class format, 154
Resv message format, 162—-163
ResvConf message format, 167
ResvErr message format, 166
ResvTear message format, 164—165
ResvTearConf message format, 167-168
RSVP_LABEL class format, 154
SCOPE class format, 149
SENDER_ADSPEC class format, 153
SENDER_TEMPLATE class format, 152
SENDER_TSPEC class format, 152
SESSION_ATTRIBUTE class format, 158
SESSION class format, 147
Shared Explicit reservations, 170, 172
STYLE class format, 150
TIME_VALUES class format, 148
troubleshooting, 525-531
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SNMP (Simple Network Management Protocol)
MPLS LSR MIB, 343
cross-connect table, 359-361
InSegment Performance table, 354-355
InSegment table, 350-353
interface configuration table, 344-349
interface performance table, 349-350
OutSegment Performance table, 358
OutSegment table, 355-357
MPLS TE MIB
MPLS TunnelHop Table, 383-387
MPLS TunnelResource Table, 387-389
MPLS TunnelTable, 362-382
snmp-server enable traps mpls traffic-eng
command, 544
soft-state protocols, RSVP, 139
SONET (Synchronous Optical Network), 4
alarms, 310
APS, 292
link protection, 485-486, 489
SPF (Shortest Path First) algorithm
ECMP, 122-124
examples, 120
link-state database, 114
operation, 114-118
PATHS list, 115
root node, 115
TENT list, 115
versus CSPF, 119
standby LSPs, 294
static routes
forwarding traffic down tunnels, 207-208, 286
recursive, 208
statmux (statistical multiplexing), 4
over statmux, 6
resource contention, 5
strategic design model, 408
event-driven reoptimization, 422-423
LSP scalability, 409—419
manual reoptimization, 424
multiple parallel tunnels, 426
periodic reoptimization, 421-422
tunnel reoptimization, 420421
tunnel resizing, 425
STYLE class format (RSVP packets), 150
subobjects of ERO, 177

subpools, 278

—~

headend bandwidth requirements, 279
per-link bandwidth availability, 279

preempting non-subpool tunnels, 280-283

tactical design model, 396

building LSPs, 396-398
placement of LSPs, 398-403
recommended features, 406—407
removing tunnels, 403—406

tactical TE applications, 479484
tag switching, 10

tag VCs, 47

tailend, troubleshooting

debug commands, 506
show commands, 504-505

targeted LDP sessions, 53
TDM (time-division multiplexing), 3—4
TE (Traffic Engineering), 6

ATM, 8
combining with MPLS VPNs, 471-475
fish problem, 9-10
resolving, 13
prior to MPLS, 7-8
tunnels, 12, 187-188
features, 188
interarea, restrictions, 195-197
multiple path options, 134
operation, 189-195
per VREF, 476
versus network engineering, 7

TE-DB, verifying information, 519-524
TENT list, 115

thresholds, bandwidth, 99-102
tiebreakers (CSPF), 122—-124
TIME_VALUES class format (RSVP packets), 148
TLVs, 107

hop count, 46
path vector, 46

TMS (Traffic Matrix Statistics)

building traffic matrices, 444-453
configuring, 447

data files, 450453

displaying data, 447-450



586 topology convergence, limitations of IGPs

topology convergence, limitations of IGPs, 291
ToS (type of service) byte, 264
traffic
equal-cost load sharing
behind tunnel tail, 219-221
between TE tunnel and IGP path, 217
to tunnel tail, 217-219
forwarding down tunnels
unconstrained paths, 510
with autoroute, 209-216
with PBR, 208-209
with static routes, 207-208
load sharing, 216
unequal-cost load balancing, applying to
one-hop tunnels, 489-490
unequal-cost load sharing, 221-223
operation, 224-229
traffic matrices, 442443
building
with NetFlow, 444
with TMS, 444453
transit LSPs, 416
triggering reoptimization, 318
troubleshooting
administratively shut down tunnels, 506-508
common configuration of MPLS TE routers,
496498
headend
debug commands, 506
show commands, 504
interface-level configuration, 499-501
related URLs, 566
routing protocol configuration, 502
RSVP signalling problems, 525-531
tunnels
invalid paths, 508-510
misconfiguration, 532-538
removing constraints, 510-519
TTL (Time To Live), 26
tunnel interface configuration command, 547-548
tunnel modes
Pipe, 275-276
Short-Pipe, 274-275
Uniform, 273-274
tunnel mpls traffic-eng affinity command, 547
tunnel mpls traffic-eng auto-bw command, 547

tunnel mpls traffic-eng autoroute announce
command, 547
tunnel mpls traffic-eng autoroute metric
command, 547
tunnel mpls traffic-eng bandwidth command, 547
tunnel mpls traffic-eng fast-reroute command, 548
tunnel mpls traffic-eng forwarding-adjacency
command, 548
tunnel mpls traffic-eng load-share command, 548
tunnel mpls traffic-eng path-option command, 548
tunnel mpls traffic-eng path-selection metric
command, 548
tunnel mpls traffic-eng priority command, 548
tunnel mpls traffic-eng record-route command, 548
tunnel preemption, 88
tunnel priority information
distribution, 88-93
holding priority, 92
setup priority, 92-93
tunnel tail nodel, 78-179
tunnels
administratively shut down, troubleshooting,
506-508
affinities, 94-96
applying negative offsets to costs, 234
backup, promotion, 337
equal-cost load sharing
behind tunnel tail, 219-221
between TE tunnels and IGP path, 217
to tunnel tail, 217-219
failure resistance, 292
forwarding adjacency, 242-246
forwarding traffic
DS-TE traffic, 284-288
related URLS, 559
headend
configuring, 502-503
constraints, 510-519
identification schemes, 469471
interarea, 187-188
features of, 188
operation, 189-195
restrictions, 195-197
interfaces, LDP, 476-478
invalid paths, troubleshooting, 508-510
link protection, configuring, 303
load sharing, 216
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metrics
absolute value, 231-233
adjusting, 229-231, 236-242
relative value, 233-236
misconfiguration, troubleshooting, 532-538
per VRF, 476
preempting non-subpool tunnels, 280-283
reoptimization, 135
event-driven, 136
lockdown, 137
manual, 136
periodic, 136
resizing, 425
routing traffic
with autoroute, 209-216
with PBR, 208-209
with static routes, 207-208
traffic, measuring, 453-454
unequal-cost load sharing, 221-223
operation, 224-229
two-way delay, measuring, 457459
two-way probes, 457-459
Type field, LDP messages, 52

U

unconstrained paths, 510
unequal-cost load sharing, 221-223
operation, 224-229
Uniform tunnel mode, 273-274
Unknown (U) bit, LDP messages, 52
unlimited backup bandwidth, 334-335
upstream routers, 140
upstream signalling, 317-322
URLS
available resources, 554-556
related to deploying MPLS TE, 565

related to forwarding traffic down tunnels, 559

related to information distribution, 557
related to MPLS TE management, 562-563
related to network design, 564

related to path calculation, 558

related to protection and restoration, 561
related to QoS, 560

related to troubleshooting MPLS, 566

V-Z

validating information distribution, 519-525

variables, defining for FRR scalability formulae,

431-436
link protection, 432
node protection, 433
path protection, 433
VC Merge, 44, 48
verifying LDP configuration, 74-77
voice networks, advertising delay, 125-127
VPNs, 14
wide metrics, 107

WRED (Weighted Random Early Detection), 257



