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OUTLINE 

 Scheduling guaranteed-service connections 

 Packet drop strategies 



SCHEDULING GUARANTEED-SERVICE 

CONNECTIONS 

 With best-effort connections, goal is fairness 

 With guaranteed-service connections 

 what performance guarantees are achievable? 

 how easy is admission control? 

 We now study some scheduling disciplines that 

provide performance guarantees 

 



WFQ 

 Turns out that WFQ also provides performance 
guarantees 

 Bandwidth bound 

 ratio of weights * link capacity 

 e.g. connections with weights 1, 2, 7; link capacity 10 

 connections get at least 1, 2, 7 units of b/w each 

 End-to-end delay bound 

 assumes that the connection doesn’t send ‘too much’ 
(otherwise its packets will be stuck in queues) 

 more precisely, connection should be leaky-bucket regulated 

 # bits sent in time [t1, t2] <=  (t2 - t1) +  



PAREKH-GALLAGER THEOREM 

 Let a connection be allocated weights at each WFQ 

scheduler along its path, so that the least bandwidth it 

is allocated is g 

 Let it be leaky-bucket regulated such that # bits sent 

in time [t1, t2] <=  (t2 - t1) +  

 Let the connection pass through K schedulers, where 

the kth scheduler has a rate r(k) 

 Let the largest packet allowed in the network be P 
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SIGNIFICANCE 

 Theorem shows that WFQ can provide end-to-end 

delay bounds 

 So WFQ provides both fairness and performance 

guarantees 

 Bound holds regardless of cross traffic behavior  

 Can be generalized for networks where schedulers are 

variants of WFQ, and the link service rate changes 

over time 



PROBLEMS 

 To get a delay bound, need to pick g 

 the lower the delay bounds, the larger g needs to be 

 large g => exclusion of more competitors from link 

 g can be very large, in some cases 80 times the peak rate! 

 Sources must be leaky-bucket regulated 

 but choosing leaky-bucket parameters is problematic 

 WFQ couples delay and bandwidth allocations 

 low delay requires allocating more bandwidth 

 wastes bandwidth for low-bandwidth low-delay sources 

 

 

 



DELAY-EARLIEST DUE DATE 

 Earliest-due-date: packet with earliest deadline selected 

 Delay-EDD prescribes how to assign deadlines to packets 

 A source is required to send slower than its peak rate 

 Bandwidth at scheduler reserved at peak rate 

 Deadline = expected arrival time + delay bound 

 If a source sends faster than contract, delay bound will not apply 

 Each packet gets a hard delay bound 

 Delay bound is independent of bandwidth requirement 

 but reservation is at a connection’s peak rate 

 Implementation requires per-connection state and a 
priority queue 



RATE-CONTROLLED SCHEDULING 
 A class of disciplines 

 two components: regulator and scheduler 

 incoming packets are placed in regulator where they wait 

to become eligible 

 then they are put in the scheduler 

 Regulator shapes the traffic, scheduler provides 

performance guarantees 

 



EXAMPLES 

 Recall 

 rate-jitter regulator 

 bounds maximum outgoing rate 

 delay-jitter regulator 

 compensates for variable delay at previous hop 

 Rate-jitter regulator + FIFO 

 similar to Delay-EDD (what is the difference?) 

 Rate-jitter regulator + multi-priority FIFO 

 gives both bandwidth and delay guarantees (RCSP) 

 Delay-jitter regulator + EDD 

 gives bandwidth, delay,and delay-jitter bounds (Jitter-EDD) 

 



ANALYSIS 

 First regulator on path monitors and regulates traffic 

=> bandwidth bound 

 End-to-end delay bound 

 delay-jitter regulator 

 reconstructs traffic => end-to-end delay is fixed (= worst-case delay 

at each hop) 

 rate-jitter regulator 

 partially reconstructs traffic 

 can show that end-to-end delay bound is smaller than (sum of 

delay bound at each hop + delay at first hop) 



DECOUPLING 

 Can give a low-bandwidth connection a low delay without 
overbooking 

 E.g consider connection A with rate 64 Kbps sent to a 
router with rate-jitter regulation and multipriority FCFS 
scheduling 

 

 

 

 

 After sending a packet of length l, next packet is eligible at 
time (now + l/64 Kbps) 

 If placed at highest-priority queue, all packets from A get 
low delay 

 Can decouple delay and bandwidth bounds, unlike WFQ 

 



EVALUATION 

 Pros 

 flexibility: ability to emulate other disciplines 

 can decouple bandwidth and delay assignments 

 end-to-end delay bounds are easily computed 

 do not require complicated schedulers to guarantee protection 

 can provide delay-jitter bounds 

 Cons 

 require an additional regulator at each output port 

 delay-jitter bounds at the expense of increasing mean delay 

 delay-jitter regulation is expensive (clock synch, timestamps) 



SUMMARY 

 Two sorts of applications: best effort and 

guaranteed service 

 Best effort connections require fair service 

 provided by GPS, which is unimplementable 

 emulated by WFQ and its variants 

 Guaranteed service connections require 

performance guarantees 

 provided by WFQ, but this is expensive 

 may be better to use rate-controlled schedulers 



OUTLINE 

 Scheduling guaranteed-service connections 

 Packet drop strategies 



PACKET DROPPING 

 Packets that cannot be served immediately are 

buffered 

 Full buffers => packet drop strategy 

 Packet losses happen almost always from best-

effort connections (why?) 

 Shouldn’t drop packets unless imperative 

 packet drop wastes resources (why?) 

 



CLASSIFICATION OF DROP STRATEGIES 

1. Degree of aggregation 

2. Drop priorities 

3. Early or late 

4. Drop position 



1. DEGREE OF AGGREGATION 

 Degree of discrimination in selecting a packet to 

drop 

 E.g. in vanilla FIFO, all packets are in the same 

class 

 Instead, can classify packets and drop packets 

selectively  

 The finer the classification the better the 

protection  

 Max-min fair allocation of buffers to classes 

 drop packet from class with the longest queue (why?) 



2. DROP PRIORITIES 

 Drop lower-priority packets first 

 How to choose? 

 endpoint marks packets 

 regulator marks packets  

 congestion loss priority (CLP) bit in packet header 



CLP BIT: PROS AND CONS 

 Pros 

 if network has spare capacity, all traffic is carried 

 during congestion, load is automatically shed 

 Cons 

 separating priorities within a single connection is 

hard 

 what prevents all packets being marked as high 

priority? 

 



2. DROP PRIORITY (CONTD.) 

 Special case of AAL5 

 want to drop an entire frame, not individual cells 

 cells belonging to the selected frame are 

preferentially dropped 

 Drop packets from ‘nearby’ hosts first 

 because they have used the least network resources 

 can’t do it on Internet because hop count (TTL) 

decreases 



3. EARLY VS. LATE DROP 

 Early drop => drop even if space is available 

 signals endpoints to reduce rate 

 cooperative sources get lower overall delays, 

uncooperative sources get severe packet loss 

 Early random drop 

 drop arriving packet with fixed drop probability if 

queue length exceeds threshold 

 intuition: misbehaving sources more likely to send 

packets and see packet losses 

 doesn’t work! 



3. EARLY VS. LATE DROP: RED 

 Random early detection (RED) makes three 
improvements 

 Metric is moving average of queue lengths 
 small bursts pass through unharmed 

 only affects sustained overloads 

 Packet drop probability is a function of mean queue 
length 
 prevents severe reaction to mild overload 

 Can mark packets instead of dropping them 
 allows sources to detect network state without losses 

 RED improves performance of a network of 
cooperating TCP sources 

 No bias against bursty sources 

 Controls queue length regardless of endpoint 
cooperation 



4. DROP POSITION 

 Can drop a packet from head, tail, or random 

position in the queue 

 Tail 

 easy 

 default approach 

 Head 

 harder 

 lets source detect loss earlier 



4. DROP POSITION (CONTD.) 

 Random 

 hardest 

 if no aggregation, hurts hogs most 

 unlikely to make it to real routers 

 Drop entire longest queue 

 easy 

 almost as effective as drop tail from longest queue 

 



THANK YOU.. 

Any questions? 


