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                  Service Engineering
· Contrast with the traditional and prevalent

Service Management

(Business Schools) 

Industrial Engineering

(Engineering Schools) 
· Goal: Develop scientifically-based design principles

 (rules-of-thumb) and tools (software), that support the balance of service quality and efficiency, from the (often conflicting) views of customers, servers and managers. 
· Theoretical Framework: 
Queueing Networks
· Applications focus: 

Call (Contact) Centers
· Example: Staffing the Modern Call Center
- Information, Retail, Technical Support, Emergency,…

- 3-5% of U.S. workforce (several millions)
- 70% of Business transactions
- 10s to 1000s agents in a "single" call center
- Technology intensive, but 70% costs for "people"
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          Rough Performance Analysis

Peak
10:00 – 10:30 a.m., with 100 agents



400 calls



3:45 minutes average service time



2 seconds ASA = Average Speed of Answer

Offered load

R =   (   (  E(S)




     = 400 ( 3:45 = 1500 min./30 min.





     = 50 Erlangs

Occupancy

( = R/N





    = 50/100 = 50%

( 
Quality-Driven Operation  
(Light-Traffic)

( 
Classical Queueing Theory
(M/G/N)

Quality-driven: 100 agents, 50% utilization
( Can increase offered load - but by how much?
      M/M/N        N=100
  E(S) = 3:45 min.
	(/hr
	
[image: image3.wmf]r


	E(Wq) = ASA
	% Wait 
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 2 sec

	800
	50%
	0
	100%

	1000
	62.5%
	0
	100%

	1200
	75%
	0
	99.7%

	1400
	87.5%
	0:02 min.
	88%

	1500
	93.8%
	0:15 min.
	60%

	1550
	96.9%
	0:48 min.
	35%

	1580
	98.8%
	2:34 min.
	15%

	1585
	99.1%
	3:34 min.
	12%


Efficiency-driven Operation (Heavy Traffic)
Intuition:    at 100% utilization, N servers = 1fast server.
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Changing N  (Staffing)  
                         E(S) = 3:45

	(/hr
	N
	OCC
	ASA
	% Wait 
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 2 sec 

	1585
	100
	99.1%
	3:34
	12%

	1599
	100
	99.9%
	59:33
	1%

	1599
	100+1
	98.9%
	3:06
	13%

	1599
	102
	98.0%
	1:24
	24%

	1599
	105
	95.2%
	0:23
	51%


(   New operational regime

Heavy traffic, in the sense that

OCC > 95%; 

Light traffic,



   50% answered immediately.

Rationalized Operation:  high service + efficiency levels 

QED Regime = Quality-Driven  +  Efficiency-Driven
Enabler:
Economies of Scale in a 

Frictionless Environment (e.g. Call Center)

Theorem (Halfin-Whitt, 1981):

Consider a sequence of  M/M/N  models,  N=1,2,3,…
Then the following 3 points of view are equivalent:

· Customer
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· Manager

[image: image15.wmf]R

R

N

b

+

»

  ,


[image: image16.wmf]´

=

l

R

 E(S)   large;

Here



[image: image17.wmf]1

)

(

)

(

1

-

ú

û

ù

ê

ë

é

+

=

b

j

b

bf

a

  ,

where   
[image: image18.wmf])

(

/

)

(

×

×

f

j

  is the standard normal density/distribution.

Extremes:

Everyone waits:
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Efficiency-driven
No one waits:
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Quality-driven
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 Safety-Staffing: Performance
R =  
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Offered load   (Erlangs)

N = R + 
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 safety-staffing
Expected Performance:

% Delayed 
[image: image27.wmf]0

,

)

(

)

(

1

)

P(

1

>

ú

û

ù

ê

ë

é

+

=

»

-

b

b

j

b

bf

b

      
[image: image28.wmf]»

 Erlang-C
Congestion index  = E
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  TSF
Servers’ Utilization  =  
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  Occupancy
   QED  :  Intuition
       ( Assume  E(S) = 1 )

M/M/N:
  WN | WN > 0  
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But why   P(WN > 0) 
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,     0 < α < 1   ?
answer via

M/D/N:
(with P. Jelenkovic and P. Momcilovic)

Observation:
Cyclic assignment does not alter waiting times


    
[image: image37.wmf]Þ


Same waiting as in   EN/D/1  ! 

QED   
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Interarrivals    AN 
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Lindley           WN = (WN + 1 – AN)+      (
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(  Efficiency: N = R+γ  (HT);  Quality: N = R+δR  (D/D/1)  )

Rules of Thumb: Operational Regimes    
R = 
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(P{Wait > 0} 
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service grade
Quality-driven


 
       (P{Wait > 0} 
[image: image49.wmf]0

®

)



N =

[image: image50.wmf]é

ù

R

 

 

R

d

+

 ,



[image: image51.wmf]0

>

d


QED Regime 


(P{Wait > 0} 
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N = (R + (
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How to determine  parameters?   regimes ?
                                                 via   Strategy,  Economics

        Strategy: Sustain Regime through Pooling[image: image110.jpg]OCTOBER 23, 2000
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   Economics: 
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 Safety-Staffing  

   Service-Quality vs. Operation Efficiency

With S. Borst, M. Reiman   (1997-2002)

Quality

D(t)

delay cost

(t = delay time)

Efficiency
C(N)
staffing cost

(N = # agents)

Optimization:
N*  that minimizes total costs

(Satisfization:
 N*  least that adheres to a cost constraint)

· C >> D
:

Efficiency-driven
· C << D
:

Quality-driven
· C  
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  D
:

Rationalized: QED
Framework:  Asymptotic  theory of M/M/N,  N 
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Economics: Quality vs. Efficiency (Linear Costs)
Optimal

N* ( R + y*
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   where


d  =  delay/waiting costs





c  =  service/staffing costs

   Here
   y*(r)  (  
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Performance measures:  
( = y*
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  safety staffing
P{Wait > 0} ( P(y*) = 
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     Erlang-C
TSF  = P
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          Square-Root Safety Staffing: 
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          r = cost of delay / cost of staffing
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 Safety-Staffing: Overview

Simple Rule-of-thumb:  N*  (  R + y*
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 EMBED Equation.3  [image: image70.wmf]R


Robust:  covers also efficiency- and quality-driven

Accurate:  to within 1 agent (from few to many 100’s)

Instructive:  In large call centers, high resource utilization 

and service levels could coexist, which is enabled by 

economies of scale that dominate stochastic variability.

Example:
100 calls per minute, at 4 min. per call

  
R = 400, least number of agents
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with  y*: 0.5–1.5  ;

Safety staffing: 2.5%–7.5%  of  R=Min !  
[image: image72.wmf]Þ

  “Real” Problem ?
Performance:
  
N*

% wait > 20 sec.

Utilization



  400 + 11

    20%



97%





  400 + 29

      1%



93%

Relevant:  Large call centers do perform as above.
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Scenario Analysis:  “Satisfization” vs. Optimization

Theory:
   The least  N  that guarantees %{Wait > 0} < 
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   (again 
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 safety-staffing).

(Folklore:  
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based on normal approximations to infinite-servers models.

The two essentially coincide for small 
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Example:
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 = 1,800 calls at peak hour 
(avg)




M = 4 min. service time 
(avg)


     

R = 1800 
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   Erlangs offered-load

Service level constraint: less than 15% delayed, equivalently






    at least 85% answered immediately.
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%{Wait > 20 sec.}   = 5%

delayed over 20 sec.



ASA = E[Wait] 
   = 2.7 sec.
average wait


ASA | Wait > 0 
   = 18 sec.
average wait of delayed
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Operational Aspects of Impatience
Recall earlier Q, E and QED Scenarios  (E(S) = 3:45):

	(/hr
	N
	OCC
	ASA
	% Wait 
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 2 sec 

	1599
	100
	99.9%
	59:33
	1%

	1599
	105
	95.2%
	0:23
	51%

	1600
	100
	100% 
	infinite
	0%

	
	
	BUT 
	  with 
	Impatience 

	
	
	
	
	%Abandonment

	1600
	100
	97.3%
	0:23
	2.7 %

	1600
	95
	98.4%
	0:23
	6.5%

	1800
	105
	97.7%
	0:23
	3.4%


QED with Impatient Customers (with Garnett & Reiman):
Erlang-A: Theoretical performance analysis

   Free Internet implementation (4CallCenters.com)
· The "fittest" survive and wait less  –  much less!

· Prevalent in well-managed large call centers
                             Charlotte – Center

6/13/00 - Tue

	Time
	Recvd
	Answ
	Abn %
	ASA
	AHT
	Occ %
	On

Prod%
	On

Prod

FTE
	Sch

Open

FTE
	Sch

Avail %

	Total
	20,577
	19,860
	~3.0%
	30
	307
	95.1%
	85.4%
	222.7
	234.6
	95.0%

	8:00
	332
	308
	7.2%
	27
	302
	87.1%
	79.5%
	59.3
	66.9
	88.5%

	8:30
	653
	615
	5.8%
	58
	293
	96.1%
	81.1%
	104.1
	111.7
	93.2%

	9:00
	866
	796
	8.1%
	63
	308
	97.1%
	84.7%
	140.4
	145.3
	96.6%

	9:30
	1,152
	1,138
	1.2%
	2l8
	303
	90.8%
	81.6%
	211.1
	221.3
	95.4%

	10:00
	1,330
	1.286
	3.3%
	22
	307
	98.4%
	84.3%
	223.1
	229.0
	97.4%

	10:30
	1,364
	1,338
	1.9%
	33
	296
	99.0%
	84.1%
	222.5
	227.9
	97.6%

	11:00
	1,380
	1,280
	7.2%
	34
	306
	98.2%
	84.0%
	222.0
	223.9
	99.2%

	11:30
	1,272
	1,247
	2.0%
	44
	298
	94.6%
	82.8%
	218.0
	233.2
	93.5%

	12:00
	1,179
	1,177
	0.2%
	1
	306
	91.6%
	88.6%
	218.3
	222.5
	98.1%

	12:30
	1,174
	1,160
	1.2%
	10
	302
	95.5%
	93.6%
	203.8
	209.8
	97.1%

	13:00
	1,018
	999
	1.9%
	9
	314
	95.4%
	91.2%
	182.9
	187.0
	97.8%

	13:30
	1,061
	961
	9.4%
	67
	306
	100.0%
	88.9%
	163.4
	182.5
	89.5%

	14:00
	1,173
	1,082
	7.8%
	78
	313
	99.5%
	85.7%
	188.9
	213.0
	88.7%

	14:30
	1,212
	1,179
	2.7%
	23
	304
	96.6%
	86.0%
	206.1
	220.9
	93.3%

	15:00
	1,137
	1,122
	1.3%
	15
	320
	96.9%
	83.5%
	205.8
	222.1
	92.7%

	15:30
	1,169
	1,137
	2.7%
	17
	311
	97.1%
	84.6%
	202.2
	207.0
	97.7%

	16:00
	1,107
	1,059
	4.3%
	46
	315
	99.2%
	79.4%
	187.1
	192.9
	97.0%

	16:30
	914
	892
	2.4%
	22
	307
	95.2%
	81.8%
	160.0
	172.3
	92.8%

	17:00
	615
	615
	0.0%
	2
	328
	83.0%
	93.6%
	135.0
	146.2
	92.3%

	17:30
	420
	420
	0.0%
	0
	328
	73.8%
	95.4%
	103.5
	116.1
	89.2%

	18:00
	49
	49
	0.0%
	14
	180
	84.2%
	89.1%
	5.8
	1.4
	416.2%


Theorem (with Garnett and Reiman, 2001):

Consider a sequence of  M/M/N+M (Erlang-A) models, 

with parameters 
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 EMBED Equation.3  [image: image95.wmf]N
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Here  (((; (,(), (((; (,()  are easily computable.


Extremes:

( = 1  :  N = R -  (  R


Eficiency-driven
( = 0  :  N = R + (  R


Quality-driven
Abandonment Important
· Lost business (now)

· Poor service level (future losses)

· 1-800 costs decrease ($M, out-of-pocket vs. alternative)

· Must account for (carefully) in models and measures

Otherwise wrong picture of reality: misleading performance measures, unstable models (vs. robustness)

But Abandonment also Interesting & Challenging

· Queueing Science

  (Paradigm: experiment, measure, model, validate)

· Research: OR + Psychology + Marketing

  (Modelling: steady-state, transient, equilibrium)

· Applications

- VRU/IVR: opt-out-rates

- Internet: business-drivers (60% and more)

- Call Centers: unique subjective performance measures
      Estimating Patience
Censored Sampling, or equivalently (under exp)
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P(Abandon)  = E(Wait)  /  E(Patience)

Understanding Patience: VIP vs. Regulars, Triggers,…
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(with Jennings, Massey, Whitt)
             Beyond Two-Moments Queueing Theory


  


An Introduction to Skills-Based Routing

     and its Operational Complexities

       Teaching Note: O. Garnett and A. Mandelbaum
                 http://ie.technion.ac.il/serveng
Consider the following multi-queue parallel-server system (animated, for example, by a telephone call-center):


          (1

  (2

  (3

    (4




             (1      1               (2
  2

  3
(3
    4
  (4

   (1        (2        (3  (4     (5
(6       (7
   (8

                     S1

   S2

     S3

Here the ('s designate arrival rates, the ('s service rates, the ('s abandonment rates, and the S's are the number of servers in each server-pool.

Such a design is frequently referred to as a Skills-Based.  Canonical designs are: I (Ik), N, X, W, M (V).





SBR in Efficiency-Driven Systems  (with Stolyar)

Customer types  i

(renewal arrivals)

Server      skills  j

(overlapping)
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service rate of type  i  by server  j   (iid services)
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 0  if  j  cannot serve  i  ;          (1/
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 E[service time])

Ci(w) = cost for type  i  waiting  w  units of time, convex

( Ci(0) = 
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Generalized  cµ-rule : when becoming idle at time  t,

       server  j chooses to serve type  i  for which
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       Wi(t) = head-of-line waiting time in queue  i  at time  t.

Theorem  In heavy traffic and with sufficient skills-overlap, 

Gcµ is asymptotically optimal: minimizes cumulative costs.

Special cases

single server:

Van Mieghem’s Gcµ rule



quadratic costs:
Kleinrock’s aging factor

Idea:   complete pooling into a single super-serve
   SBR in the QED-Regime  (with Atar, Reiman)

Agents’ assignment to queues  (upon service completion)

as well as   

Customers’ routing to idle servers (upon arrival)

are both significant.

Customer types  i 
(renewal arrival; exponential services)

Abandonment

(exponential patience)

N servers


(iid, in a V-Design)

Convex costs of queue-lengths
(linear delay costs, abandons)

Theorem  In the QED Regime, namely  
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Hamilton-Jacobi-Bellman policies are asymptotically optimal:   

minimize cumulative discounted costs.  
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Qualitative insights
· Preemption benefits are negligible.

· Queueing and waiting costs are “equivalent”.

· Work-conservation is optimal for work-encouraging 

costs: optimal if optimal under preemption.

· No state collapse in general   
[image: image104.wmf]Þ

 numerical insights

         (as in Harrison-Zeevi)

Distributed Call Center:  Network

Simultaneous Queueing: Load Balancing


Beyond Traditional Queueing Theory
   Some Characteristics of Services
· Time-varying conditions

· Predictable variability dominant – Fluid View

· Arrivals – typically given, Services – Staffing
· State-dependent responses
· Skills-based routing

· Finite Buffers

· Physical = finite waiting room, busy-signal

· Mental: customers balk, abandon
· Stability ?  (9:00 – 17:00, Abandonment)

· Human factors
· Equilibrium (decentralized) analysis
· Fairness – FCFS often costly, unnecessary 

· Tele-queues – patience, information

· Approximations Fluid and Diffusion (Long- & Short-run)
· Theory + Real Data + Experiments =

Multi-Disciplinary Queueing Science
Staffing the “Modern” Basic Call Center

1.  Erlang-C
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- Conceptual:
Halfin & Whitt

- Dimensioning:
with Borst & Reiman  
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2.  Erlang-A
 (Abandonment, with  
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- Conceptual:
with Garnett & Reiman

- Dimensioning:
with Borst & Reiman, in progress

3.  Time-Varying

(Non-homogeneous Poisson arrivals)

- Ample-server heuristics: with Jennings & Massey & Whitt

- Conceptual part: with Massey & Rider, in progress

- Dimensioning: open (Stochastic Control ?)

4. General Service Time (for all the above)

- Conceptual supported by Puhalski & Reiman, M/PH/N

- M/D/N: with Jelenkovic & Momcilovic, in progress

- M/G/N open and challenging (measure-valued limit)

  (Beyond 2nd moment theory in the QED regime!)
Beyond the “Basic” Call Center

· Skills-based Routing
-  Efficiency-Driven: with Stolyar, Gcµ optimal
-  QED: iid Servers, with Atar & Reiman, HJB-based
-  QED: Heterogeneous Servers, with Atar & Reiman
· Networks

-  IVR + ACD ; Retrials

-  Hierarchical Help Desk

-  Distributed Call Centers

· Staffing SBR  /  Networks: Open

· Profit Contact Centers:  $-driven multi-media interface

· Information to customers
· Forecasting: with Brown & Haipeng &Zhao: important
Time-Varying Queues: Predictable Variability
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