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P
rior  to the seminal  book on
va lue  s t ream mapping
(VSM), Mike Rother and John
Shook’s Learning to See , dis-
connec ted  ser ia l  k ai z e n

events were the continuous improvement
vehicle  of  choice. 1 Sensei  and  sensei
wannabees  a l ike  d iv ined  where  to  next
unleash good change based upon a combi-
nation of  direct observation and their own
vers ion  of  lean  “spidey  senses .” Yet  th i s
combination was insufficient in terms of
easy transferability, sharing, and organiza-
tional learning, because it was often non-
collaborative and it did not reliably facili-
tate true system or flow kaizen.

VSM provided context for lean principles,
systems, and tools, and gave practit ioners

the  abi l it y  to  apply  them, a lbeit  f i rst  on
paper, in  a  qua l i t at ive  and  quant it at ive
manner. This art icle is  primari ly about the
latter. In other words, we are going to ver y
briefly explore some of  the need-to-know
principles and formulas to design a leaner
value stream. Why? Because bad or missing
math can render value stream analysis  less
than effect ive.

Before we dive into some of  the expected
math such as  lead t ime, processing t ime,
and process cycle efficiency (PCE), let  us
first  think about the system from a vantage
point that many lean practitioners are rarely
exposed to, unless they are secretly risking
their lean souls by cavorting with enterprise
resource planning and purveyors of  Factor y
Physics.2 Lean machismo often dictates that

SOME APPLIED MATH
FOR MAPPING A

LEANER VALUE
STREAM
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inventory, wait ing, and/or excess capacity
(see Exhibit 1) is for batch-and-queue new-
bies.

While we understand that a  nonexistent
or ver y low buffer situation is  reflect ive of
a  longer-term target  condit ion, it  i s  not

always realist ic in the short term, given the
challenges of  waste, unevenness, and over-
burden. As such, the lean practitioner must
make purposeful  trade-offs  to sat isf y the
customer, while tolerating the least amount
of  waste possible.
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Who or what waits? Related buffer

Customers

Products/parts

Machines and/or workers

…on whom or what?

 Products
 Service

 Machines
 Customers

 Parts
 Customers

Time

Inventory 
(not an option in strict service)

Capacity

As demand (volume and/or mix) and transformation performance (production or service 
timeliness) variation increases, one or more buffers must necessarily increase.

EXHIBIT 1 Buffer Reality

EXHIBIT 2 Six VSM Math Regions
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Intuitively, most folks grasp the need for
buffers, but what kind of  math justifies that
intuition? As we know, inventory is the coin
of  the realm in VSM, by which Litt le’s  Law
provides a  mathematical  model  of  queue
time, namely : lead t ime = work in process
÷ throughput rate, where lead t ime is  the
sum of  system queue t ime and processing
time. Little’s Law assumes a closed queuing
network — that is, one in which work in
process (WIP) is controlled. As we consider
Lit t le’s  Law and the  Kingman equat ion,
which models  an open queuing network
and where lead time can theoretically grow
without bounds, there are a  few key points
that should make the lean practitioner think
about in what, how much, and where they
need to pragmatical ly make improvements
within the target  value stream:
•   Ideal  state, meaning zero queue t ime,

is  achievable only when there is  zero
variat ion in demand and processing
time and load never exceeds capacity.
This is  rumored to happen only in hei-
junka heaven.

•   Zero WIP means zero throughput.
•   Optimal standard WIP (and the

answer is  not always strict  one-piece
flow) for a  given system wil l  y ield
optimal lead t ime performance.

•   Queues and lead t imes approach the
ideal  state when there is  significant
excess capacity. As such, when uti l iza-
t ion of  resources approaches 100 per-
cent, lead t ime grows exponential ly.

•   The best-case throughput is  the bot-
tleneck resource throughput (Rb), but
Rb wil l  be markedly less  than 100 per-
cent of  theoretical  — more l ike 80 per-
cent, due to the impact of  process
variat ion.

Why and what are we mapping?
Value stream mappers must, as Taiichi Ohno
was credited with saying, “start from need.”
In other words, VSM is merely an improve-
ment vehicle  and not  the dest inat ion, so
the lean pract it ioner must  be thoughtful
about  where  and how it  i s  deployed. It s
application should be pulled by the business
performance and development needs of  the
organization.

This should be informed by the company’s
True North, strategy  deployment  break-

through objectives, and the like. VSM entails
four, of ten iterat ive, fundamental  steps:
1.  identif y and define the ver y product

or serv ice family to map;
2.  understand and segment customer

demand;
3.  characterize the measurable target

condit ion for that  value stream (essen-
tial ly  the design parameters for the
future state as  of  a  certain date); and

4.  formalize the scope that will be treated
within the value stream (in other words,
determine how far upstream and/or
downstream is desirable and appropri-
ate to satisfy the target condition).
Exhibit 2 reflects a simplified and generic

map identif y ing six math regions, the first
of  which pertains to the four steps. We wil l
ult imately explore al l  six regions.

Identify and define product families
(region 1)
A dil igent and perceptive practit ioner can
walk the gemba and observe act iv ity (and
inactiv ity), some of  which is  value-added
(but most of  which is  not), along with the
people, inventor y, equipment, machines,
art ifacts, and the l ike. Often the product
families  are not readi ly discernable, even
to those who are intimate with the business.
Let’s  be frank: Most folks have never had
to think in terms of  families until  they were
conf ronted  w ith  VSM. When prompted,
they may characterize a  family in terms of
markets, customers, and product l ines —
or, even  worse , the  or ientat ion  w ithin  a
functional  si lo.

The product or serv ice family analysis
(i .e. , product  quant it y  process  analysis)
matrix is  a  formal way to characterize the
intersec t ion  of  produc t  or  ser v ice  w ith
processes. While not total ly unambiguous,
the  charac ter izat ion  w i l l  help  the  prac-
titioner discern the product family (or fam-
ilies) and converge on the VSM scope. Math
can help this exercise. Note that work content
variat ion can be a  useful  product  family
discriminator as  wel l , and it  also requires
some lean math.

As reflected in Exhibit 3, there are options
with varying levels of product family analysis
(PFA) rigor. Most practitioners are familiar
with the preparation of  a  PFA matrix, with
or without demand volumes, and then apply-
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VSM IS MERELY AN
IMPROVEMENT

VEHICLE AND NOT
THE DESTINATION,

SO THE LEAN
PRACTITIONER

MUST BE
THOUGHTFUL

ABOUT WHERE AND
HOW IT IS

DEPLOYED.
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i ng  some  good  o ld- f a sh ioned  v i sua l
inspection to tease out the product families.
However, occasional ly the families  are not
easi ly identified because of  ambiguity or
an overwhelming amount of  data. Here a
dendogram may be an appropriate tool. So,
what is  a  dendogram?

Dendograms provide v isual grouping of
products (or services) that go through iden-
tical  or similar process steps. The dendo-
g ram  re f l ec ted  in  the  upper  r i ghthand
portion of  Exhibit 3 is for a relatively simple
array  of  products  and processes . As  the
complexit y  of  the  PFA matr ix  increases,
the power of  this  approach becomes more
and more ev ident.

Essentially, identifying product families
is a clustering problem. Clustering by inspec-
tion works well  for small PFA matrices, and
dendograms work wel l  for larger matrices,

but  i f  neither  i s  avai lable  nor  prac t ica l ,
binary sort ing can help. In this  approach,
each product is  assigned a binary number
based on which process steps that  product
goes through. The binary numbers are then
sor ted  and  l i ke  ones  a re  c lu s tered  into
product family groups.

Whi le  PFA can  prov ide  the  user  w ith
insight into demand, it  is  of ten prudent to
also engage in some demand segmentation
analysis. This  wi l l  characterize historical
demand, demand variation, and even inven-
tor y levels, which can be analyzed at  the
stock keeping unit  or serv ice level  or even
aggregated into a family level. Significant
demand variat ion should be understood
in magnitude and root cause. See Exhibit
4 for an example of  demand segmentation
for finished goods. Know that future-state
value streams should be designed to accom-
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XYZ Product Family Finished Goods

...

EXHIBIT 4 Example Demand Segmentation Analysis

EXHIBIT 5 VSM Is (a Lot) About Time
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modate future demand. If  future demand
is  expected to  be  substant ia l ly  di f ferent
than  h i s tor ic a l  demand  and  c an  be
reasonably est imated, then that  should be
incorporated in the target  condit ion.

Ready to map
Now that  we  unders t and  what  we  a re
mapping and the design parameters, at least
from a performance perspective (i.e., reduce
lead t ime by 65 percent), it  is  t ime to map.
Of course, there is requisite pre-VSM prepa-
ration (which includes selecting team mem-
bers, capturing and compiling certain data,
and scheduling the kick-off  meeting), but
let  us assume that  has been conducted.

As we launch into the VSM activ it ies  by
which the team(s) wil l  generate a  current
state value stream map, future-state value
stream map, and value stream improvement
plan, the practitioners will  have to contend
with the last  f ive math regions reflected in
Exhibit 2. These will intersect in some shape
or form with most or al l  of  the eight key
future-state quest ions posited in the book
Lear ning to See .3

Material flow and related data boxes
(region 2)
Shortly  af ter  the big plotter  or  kraf t  paper
is  a f f ixed  to  the  wa l l  and  the  VSM map
t it le  i s  marked at  the  top (see  “reg ion 1”),
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EXHIBIT 6 Common Data Box Fields

Data box field Represents Value stream mapping notation
beyond the data box Other considerations

Available time Net scheduled t ime during which the
process is avai lable to conduct work 

N/A Used to calculate the local process takt t ime; provides
insight into synchronizat ion between other processes

Average period
demand

Typical ly average demand per shif t  or
day

N/A Used to calculate the local process takt t ime and
queue t ime (see Exhibi ts 7 and 8) 

Takt t ime Local takt t ime for the process N/A Takt t ime must be ≥ process cycle t ime or drop-off  rate;
local takt t ime may di ffer versus other processes' takt
t imes and the overal l  system takt t ime

Processing time Non-simultaneous work content within the
process; think of i t  as the t ime that the
thing is being worked on in the process

Dropped down to the top of the lead
t ime ladder 's bottom rung, see
Exhibi ts 9 and 10

Processing t ime is usual ly a very smal l  f ract ion of
overal l  lead t ime; the process cycle eff ic iency calcula-
t ion, Exhibi t  9, provides insight into that real i ty

Cycle time The t ime, inclusive of manual,  walk, and
wait  t imes, for the process to complete
one ful l  cycle

Cycle t ime or "drop-off  rate" of the
process ( inclusive of al l  l ines, cel ls,
resources, etc. dropped down to the
bottom of the lead t ime ladder 's bot-
tom rung, see Figure 9)

Cycle t ime or drop-off  rate must be ≤ to takt t ime; helps
ident i fy opportunit ies for cycle t ime reduct ion and con-
straint management

Number of 
operators

Count of trained and avai lable workers
within the process, usual ly by shif t

N/A Provides insight into l ine balance opportunit ies and
optimal staff ing

Every part every
interval (EPEI)

Time durat ion, or interval (" I")  for a
process to cycle through the product ion
of al l  material  or service types; most 
relevant in pattern-making environments

N/A Provides insight into opportunity to reduce upstream
inventory and compress lead t ime using tools l ike
setup reduct ion and level loading

Uptime Percent of the process'  regular planned
avai lable t ime during which the process
is ready and avai lable to run at standard
rate and qual i ty  

N/A Provides insight into process avai labi l i ty and opportu-
ni t ies to address tradit ional six big losses (break-
downs, setups and adjustments, reduced speed, minor
stop and idl ing, etc.)

Scrap factor Percent of parts fabricated, assembled,
tested, packed, etc. that cannot or wi l l
not be reworked

N/A Highl ights reason for downstream attr i t ion and helps
ident i fy process qual i ty improvement opportunit ies

First-pass yield Percent of presented work that requires
zero rework or replacement and is com-
plete and accurate in the f i rst  cycle

Dropped down to rol led thoughout
yield (RTY) l ine and used to calcu-
late RTY, see Exhibi t  11

Helps pr ior i t ize process qual i ty improvement opportuni-
t ies within the value stream

Inventory Count of inventory actual ly on hand at
the t ime at the current state map or
ant ic ipated in the new system and
ref lected within the future state map

Used to calculate queue t ime pre-
ceding the immediate process, see
Exhibi ts 7 and 8

Inventory count should be for the relevant inventory
proxies; for example, for a cake product ion value
stream, the inventor ied/counted i tems are f lour ( in the
most upstream port ion) and NOT eggs, mi lk,  sugar,
butter,  etc.,  then cake batter,  then baked cake, then
frosted cake, etc.
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the  prac t i t ioners  can  beg in  populat ing
the  map with  process  boxes  paired w ith
their  descript ive  data  boxes. The best  way
to harvest data for the data boxes is through
direct observation. Still, direct observation
takes t ime. That can be especial ly difficult
when the value stream is large and complex,

and folks  are  encumbered w ith  the  day-
to-day  operat ion of  the  business . Of ten
there  is  a  lack  of  impor tant  data  (such as
resource uptime or first-pass y ield [FPY]),
and  there  i s  l i t t l e  t ime  to  capture  long
cycle  t imes  or  schedule  the  obser vat ions
of  infrequently used processes. Thus, occa-
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EXHIBIT 7 Pull System Inventory-related Queue Time (Simplistic Version)

EXHIBIT 8 Two Methods for Calculating Inventory Queue Time



s iona l l y  we  mus t  de fe r  to  a l t e r na t e
approaches.

Second-best to direct observation is ref-
erencing confirmed reliable historical data
— for example, accessing machining center
prog rammable  log ic  cont rol l er  dat a  to

understand uptime. Third-best, and surely
a last  resort  (and only for certain metrics
such as FPY) are scientific  best  guesses or
e s t imate s  by  the  people  who  regu la r ly
perform the work. These est imations are
pre fer ab ly  g l e aned  w i th  the  he lp  of  a
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EXHIBIT 9 Lead Time Ladder Math

EXHIBIT 10 Lead Time Ladder and Processing Time, Considering Branches
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faci l itator and done as a  team to check for
reasonableness. Ultimately, all value stream
math should be subjected to common sense
questions, l ike: Does that  (fi l l  in the blank
— lead t ime, cycle t ime, etc.)  make sense
know ing  what  we  th ink  we  know  (e .g . ,
pat ients  regularly  wait  about 35 minutes
throughout  their  v is it , or  it  t akes  about
three weeks to fi l l  a  customer order)?

Data boxes represent  a  sor t  of  crit ical
data laundry l ist  for each process box on
the current and future-state value stream
map. As is  the case with almost any thing,
there is  a  hierarchy of  need. The short  l ist
usually includes cycle time, processing time,
inventory queued up before and within the
process, uptime, and FPY. While the lean
practit ioner is  somewhat f ixated on t ime
(see Exhibit  5), there are other important
pieces of  data that will  help identify oppor-
tunities to reduce process and system vari-
ation. Without getting very technical, Exhibit
6 provides an overview of  the more common
data box fields. Note the references to other
exhibits  (and the associated math).

Quantify inventory and characterize
process linkages (regions 3 and 4)
Inventory, consistent with Litt le’s  Law, is
the  shadow of  t ime. Va lue  s t ream maps
depict or capture inventory in a handful of
different modes. Often a single map reflects
one or more of  the fol lowing:
•   push (or batch-and-queue), t ypical ly

represented by a triangle and a zebra
“push” arrow;

•   t ype A, B, and/or C pull  systems, as
reflected in the lef t  side of  Exhibit  7;
and

•   buffer or safety stock to cover demand
variat ion and system instabi l it y,
respectively.
Here , we  know that  cont inuous  f low

processes are assumed to operate in, or closely
approximate, one piece flow, and thus incor-
porating any queue time is mathematically
redundant with the processing time.

So, how do we translate inventory into
queue t ime? For any current state pheno-
menon described previously, we first  count
the actual  associated inventory. Then we
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EXHIBIT 11 RTY Line Math
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have two options: Employ either the average
daily demand (ADD) or the takt t ime (TT)
method. Both are mathematically equivalent
and i l lustrated in Exhibit  8.

In our future-state VSM, we hopeful ly
have zero push arrows, but how do we deter-
mine the t ime value of  inventor y for  the
other systems? Pull  system–related queue
times can be determined by apply ing the
ADD or TT method to the relat ively con-
servative — and very quickly calculated —
in-use pul l  system stock levels, ref lected
in the right side of  Exhibit  7.

More  appropr i ate ly, t he  A- t y pe  pu l l
system stock level  could be calculated at
half  of  the cycle stock, plus al l  the buffer
and safety stock. But, in the heat  of  VSM,
that might be unnecessary and impractical
due  to  the  underly ing  data  analysis  and
math (e.g., demand coefficient of  variation)
needed to properly calculate the buffer and
safety stock portions of  the kanban .

For  s impl ic it y  and  conser vat iveness ,
future-state strict buffer and/or safety stock
(meaning that there is no cycle stock) should
likely be treated by apply ing the ful l  sizing
of  the buffer or safety stock within the ADD
or TT method. Given the  complexit y  of
buffer and safety stock calculat ions, of ten
the most pragmatic approach is for the lean
practitioners to simply peg a buffer or safety
stock size in a number of  days. For example,
we est imate that  the buffer wi l l  cover two
days of  demand.

Create and populate the lead time ladder
(region 5)
No value stream map is  complete without
the ubiquitous lead t ime ladder (Exhibit
9). It  prov ides  pract it ioners  w ith  an ex-
tremely  important  opportunit y  to  check
the overall reasonableness of  the assembled
data and thus the map itself. It  a lso helps
quantitatively communicate the opportunity
in terms of  the current state, and the v ision
and chal lenge of  the future state.

The lead t ime ladder  compi les  a l l  the
discrete processing t imes and queue t imes
and helps f lag any cycle t ime (or drop-off
rate) versus TT issues. The ladder provides
a summation of  queue times and processing
times, presents the total lead time, and pro-
v ide s  a  conven ient  spot  on  the  map  to
calculate PCE. PCE represents the percentage

of  t ime that  the product, serv ice, patient,
and so forth is  being worked on, delivered,
or  at tended  to  over  the  tota l  lead  t ime.
Know that  it  does not necessari ly  equate
to pure value-added t ime because the pro-
cessing time reflected on the map probably
contains substantial  waste.

We  wou ld  be  remi s s  not  to  qu ick ly
addres s  the  phenomenon  of  branch ing
within value stream maps and the impli-
cat ions  it  has  on lead t ime ladder  math.
Branching is  reflect ive of  situat ions where
a process  can l ink downstream to two or
more  processes . For  example, a  product
family is  comprised of  some products  that
proceed from a shared subassembly process
to  a  specia l  test  s tand and then  to  f ina l
assembly. Meanwhile, other products move
from the subassembly process  directly  to
final  assembly. How is  that  — specif ical ly,
the processing time — reflected on the lead
time ladder? The answer is  that it  is  treated
as  a  weighted  average  to  ref lec t  the  fu l l
target  product  family  (Exhibit  10).

Create and populate the rolled
throughput yield line (region 6)
While it  is  extremely rare to see a  properly
prepared VSM without a  lead t ime ladder,
the inclusion of  a  rol led throughput y ield
(RTY) l ine is  rather novel. (See the bottom
of  Exhibit  2 for a  representat ion.) This is
a missed opportunity.

The RTY line captures the discrete process
FPY and then calculates the RTY as it cumu-
latively (or rather, multiplicatively) changes
from upstream to downstream. It  enables
the  VSM creator  and  reader  to  qu ick ly
ident i f y  and target  the  most  s igni f icant
qualit y performance opportunit ies.

Calculating RTY for a value stream with
no branches is  ver y straightforward. The
RTY is simply the product of  the preceding
processes’ FPYs. Exhibit  11 i l lustrates the
math, with the treatment of  one of  those
pesky material  f low branches.

Conclusion
Value stream analysis  is  a  team-based col-
laborat ive  f low or  system kaizen vehicle.
Its intended purpose is to help people under-
stand how and why a product family’s value
flows or does not f low in the current state.
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NO VALUE STREAM
MAP IS COMPLETE
WITHOUT THE
UBIQUITOUS LEAD
TIME LADDER.
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By apply ing lean principles, systems, and
tools, it  a lso helps determine how, when,
and by whom the product can be improved
to achieve a designated, measurable target
condit ion by a certain date. Just  as  impor-
tantly, value stream analysis  helps engage,
inspire, and drive indiv idual  and organi-
zational  learning.

The VSM process is an appropriately rig-
orous but also chaotic experience, replete
with st icky notes, 10–30-foot-long pieces
of  paper, data boxes, weird icons, penci ls,
erasers, and cold pizza. It employs chainsaw
— not scalpel-level  — precision.

But while it  is  about seeing and thinking
together in this  context, do not let  sloppy
or wrong math get  in the way of  creat ing a
reasonably accurate, and thus believable,
set of  maps. To that end, the regional-based
math that  we treated in this  ar t icle  should
provide a firm foundation for a useful VSM.

Incorporate it with the basic math that folks
should already have under their  belts, l ike
TT, cycle t ime, and FPY.

What didn’t  we cover? A lot!  Certainly,
when you have the appetite  to more deeply
explore  the  reg iona l  math  — or  more
precisely, size kanbans and first-in, f irst-
out  lanes , ca lculate  he i junk a cycles , de-
termine work content variat ion, calculate
process  and system capacit y, understand
performance metric  design, characterize
and understand variat ion, and so on — we
wil l  be happy to help you dig in.  n

NOTES
1  Ro the r,  M .  and  Shook ,  J . ,  Lea rn i ng  t o  See .

(Cambridge, MA: Lean Enterprise Inst itute, 2003).
2  Pound, E.S., Bell, J.H., and Spearman, M.L., Factory

Physics for Managers: How Leaders Improve Per-
formance in a Post-Lean Six Sigma World .  (New
York: McGraw-Hil l  Education, 2014).

3  Op. cit . note 1.
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